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ABSTRACT
Aly, Ahmed M. PhD, Purdue University, December 2015. Towards Eﬃcient Processing of Big Spatial Data. Major Professor: Walid G. Aref.
The ubiquity of location-aware devices has resulted in a plethora of location-based
services in which huge amounts of spatial data need to be eﬃciently processed. To
cope with such proliferation of spatial data, this dissertation addresses two key issues
that are overlooked by existing spatial-query processing platforms: i) the multiplicity
of predicates in spatial queries, and ii) the dynamic nature of big spatial data.
A user’s query can include multiple spatial and relational predicates. However,
existing spatial-query processors focus only on the execution of queries with single
spatial predicates, e.g., range or k-nearest-neighbor (kNN, for short). Queries with
multiple kNN and relational predicates raise correctness and performance challenges.
Because a kNN predicate implicitly applies a ranking operation, applying a kNN
predicate before or after another (spatial or relational) predicate in a query evaluation pipeline may result in diﬀerent outputs. Hence, classical query optimization
heuristics, e.g., pushing selects below joins, may compromise the correctness of evaluation of these queries. This dissertation presents new algorithms and optimizations
that can enhance the performance of these queries while maintaining the correctness
of their evaluation. Furthermore, to arbitrate between the diﬀerent optimizations,
novel techniques for estimating the cost of the kNN predicates are presented. Experimental evaluation demonstrates that the proposed algorithms and optimizations,
coupled with the cost estimation techniques, achieve orders of magnitude enhancement in query performance.
To process large-scale spatial data, several cluster-based spatial-query processing systems have been proposed in the literature. However, these systems employ

xv
static data-partitioning structures that cannot adapt to data changes, and that are
insensitive to the query workload. Hence, these systems are incapable of consistently
providing good performance. To close this gap, this dissertation presents AQWA,
an adaptive and workload-aware mechanism for partitioning large-scale spatial data.
AQWA does not assume prior knowledge of the data distribution or the query workload. Instead, as data is consumed and queries are processed, the data partitions are
incrementally updated. Experimental evaluation, which is based on real spatial data
and various workloads of range and kNN queries, demonstrates that, compared to
the state-of-the-art systems, AQWA achieves an order of magnitude enhancement in
query performance.
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1. INTRODUCTION
The ubiquity of location-aware devices, e.g., smartphones and GPS-devices, has led to
a variety of location-based services in which large amounts of geo-tagged information
are created every day. This demands spatial-query processors that not only handle
large amounts of spatial data, but also can eﬃciently process complex spatial queries.
Such queries can contain multiple predicates that involve combinations of spatial
predicates and relational predicates.
This dissertation focuses on two key issues that are not addressed in nowadays
spatial-query processing platforms: i) the multiplicity of predicates in spatial queries,
and ii) the dynamic nature of big spatial data.

1.1

The Multiplicity of Predicates in Spatial Queries
Queries that contain combinations of multiple spatial and relational predicates

arise frequently in practice. Consider a person who is at work and wants to go home.
He wants to find a seafood restaurant that is close to both his home and his oﬃce. He
issues the following query: “Find a restaurant that is amongst the five-closest to my
home (spatial kNN predicate) and is within five miles of my work location (spatial
range predicate) and oﬀers seafood (relational select)”.
Although a large spectrum of research has been devoted to the processing of
location-based queries (e.g., [1–8]), none addresses the processing and optimization of
location-based queries that contain multiple location-based predicates. Furthermore,
many algorithms and index structures already exist for processing spatial predicates
either solely or when combined with textual keyword search (e.g., [9–12]). Unfortunately, there has not been enough study on how to eﬃciently process queries where
spatial predicates are combined with general relational predicates.
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Fig. 1.1. Two diﬀerent QEPs for a query with a kNN-Select on the inner relation
of a kNN-Join. k = 2 in both predicates. In (a), the kNN-Select is performed after
the kNN-Join, resulting into the pairs: (m1 , h1 ), (m2 , h1 ), (m2 , h2 ), (m3 , h2 ), and
(m4 , h1 ). In (b), the kNN-Select is pushed below the kNN-Join, resulting into the
pairs: (m1 , h1 ), (m1 , h2 ), (m2 , h1 ), (m2 , h2 ), (m3 , h1 ), (m3 , h2 ), (m4 , h1 ), and (m4 , h2 ).

While a query can contain any spatial predicate, e.g., kNN, range, spatial join,
this dissertation focuses on spatial queries with kNN predicates. Queries containing
multiple kNN predicates (or kNN and relational predicates) raise significant query
processing and optimization challenges.

1.1.1

Correctness and Performance Challenges

To illustrate the challenges that queries with multiple kNN predicates embed,
consider the following example. Assume that a car breaks while in travel. The driver
needs to find an hotel and a mechanic shop that are close to each other. At the same
time, the driver wants the hotel to be close to a specific shopping center, so that
he can do shopping while the car is being repaired. The driver issues the following
query: “From the list of mechanic shops and the two closest hotels to each mechanic
shop (kNN-Join), report the (mechanic shop, hotel) pairs, where the hotel is amongst
the two closest neighbors of the shopping center (kNN-Select)”.
Notice that this query involves a kNN-Select on the inner (right) relation of a
kNN-Join. Figure 1.1 gives two possible query evaluation plans (QEPs, for short) for
the query. In the figure, black dots represent mechanic shops, white dots represent
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hotels, and the red triangle represents the shopping center. In Figure 1.1(a), the
kNN-Select is performed after the kNN-Join, while in Figure 1.1(b), the kNN-Select
is pushed below the kNN-Join. As the figure demonstrates, the two QEPs produce
diﬀerent results.
According to [13], the correct QEP for such query is the one in Figure 1.1(a).
Pushing a kNN-Select under the inner relation of a kNN-Join; as a standard relational
query optimizer would typically do; reduces the scope of the points being considered
in the inner relation. When the kNN-Join is performed, the outer relation will not
have the entire set of points of the inner relation to join with, and hence, the kNNJoin will not be performed correctly. For example, in Figure 1.1(b), the Mechanic
relation will have nothing to join with except Hotels h1 and h2 . Thus, the resulting
pairs will be all the mechanic shops paired with either h1 or h2 , which is wrong. In
other words,
(E1 ✶kN N E2 ) ∩ (E1 × σkσ ,f (E2 )) ̸≡ E1 ✶kN N (σkσ ,f (E2 )).
The above example demonstrates that the well-known heuristic of pushing selects
below joins [14] is invalid in case of a query with a kNN-Select and a kNN-Join.
This calls for new optimization techniques that can still leverage the pruning eﬀect
of selection without compromising the correctness of evaluation.
As we demonstrate in the rest of this dissertation, similar correctness and performance challenges exist for queries that contain two kNN-Selects, two kNN-Joins,
kNN-Select with relational predicates, or kNN-Join with relational predicates.

1.1.2

Optimization and Cost-Estimation Challenges

For each of the above cases of interaction between kNN predicates and relational
predicates, we present various optimizations and query evaluation plans that can enhance the query performance while maintaining the correctness of evaluation. However, for a spatial-query optimizer to properly choose from the possible query evaluation plans, the execution cost of the kNN predicates needs to be determined.
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Estimating the cost of a kNN predicate is challenging for several reasons. For
instance, the cost of a kNN-Select operator is directly aﬀected by the value of k, the
location of the query focal point, and the distribution of the data. Hence, a cost
model that captures these factors is hard to realize. This calls for eﬃcient and yet
accurate cost estimation techniques that can estimate the cost of a kNN-Select/Join
without incurring much storage or processing overhead.

1.2

The Dynamic Nature of Big Spatial Data
Existing cluster-based systems for processing large-scale spatial data employ static

spatial partitioning methods. Hence, these systems cannot eﬃciently react to data
changes. For instance, SpatialHadoop [15, 16] supports several partitioning schemes
to handle spatial data in Hadoop. However, these partitioning schemes are static,
i.e., to handle a batch of new data, the whole data needs to be repartitioned from
scratch, which is quite costly.
In addition to being static, existing cluster-based systems are insensitive to the
query workload. As noted in several research eﬀorts, e.g., [17–19], accounting for
the query workload can achieve significant performance gains. In particular, regions
of space that are queried with high frequency need to be aggressively partitioned in
comparison to the other less popular regions. This fine-grained partitioning of the
in-high-demand data can result in significant savings in query processing time.
This dissertation presents AQWA, an adaptive mechanism for partitioning big
spatial data. Unlike existing systems that require recreating the partitions, AQWA
incrementally updates the partitioning according to changes in the data and the query
workload. An important characteristic of AQWA is that it does not presume any
knowledge of the data distribution or the query workload. Instead, AQWA applies
an incremental mechanism that reorganizes the data as queries are processed.
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1.2.1

System and Performance Challenges

Partitioning big spatial data while accounting for changes in the data and the
query workload imposes several system and performance challenges. Below, we briefly
highlight these challenges and describe how they are addressed in AQWA.
• Dynamic data-sources: Most sources of big spatial data are dynamic, where
new batches of data are received on an hourly or a daily basis. For instance,
since 2013, more than 500 Million tweets are created every day [20]. AQWA
provides a functionality to append the data partitions with new batches of data.
• Repartitioning overhead: After a batch of data is appended, some (if not all)
partitions increase in size. To have good pruning power at query time, these
partitions need to be split. If the process of repartitioning reconstructs the
partitions from scratch, it would be very ineﬃcient, especially for dynamic scenarios, because it will have to reread and rewrite the entire data. To address
this challenge, AQWA applies an incremental mechanism to alter only a minimal
number of partitions according to the query workload.
• Dynamic query-workloads: AQWA adapts to permanent changes in the query
workload. However, AQWA is resilient to temporary query workloads, and
hence avoids unnecessary repartitioning of the data. Furthermore, AQWA keeps
the history of all queries that have been processed. However, AQWA applies
time-fading weights for the queries in order to alleviate the redundant repartitioning overhead corresponding to older query-workloads.
• Limitations of the underlying distributed system: For practical considerations,
it is important to avoid small partitions, which can introduce a performance
bottleneck in a distributed file system (e.g., see [21–24]). Hence, AQWA, avoids
splitting a partition if any of the resulting two partitions is of size less than the
block size in the distributed file system.
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• Concurrency control: As queries are processed by AQWA, some partitions get
split. It is possible that while a partition is being split, a new query is received
that may also trigger another change to the very same partition being split.
Unless an appropriate concurrency control protocol is used, inconsistent partitioning can occur. To address this problem, AQWA applies a simple locking
mechanism that coordinates the incremental updates of the partitions.

1.3

Research Contributions
The research contributions of this dissertation are summarized as follows:
• We study the diﬀerent forms of interaction between two kNN predicates within
the same query. We introduce two algorithms, for evaluating a query with a
kNN-Select on the inner relation of a kNN-Join. We study the various cases of
spatial queries with two kNN-Selects/Joins, and introduce eﬃcient algorithms
for their evaluation. We conduct extensive experiments that show how our
proposed algorithms achieve query performance gains of orders of magnitude.
• We introduce the Staircase technique for estimating the kNN-Select cost. In
addition, we study the problem of estimating the kNN-Join cost, which has
not been addressed in any previous work. We introduce three novel techniques
for estimating the kNN-Join cost, namely, the Block-Sample, Catalog-Merge,
and Virtual-Grid techniques. We experimentally demonstrate the eﬃciency and
accuracy of the proposed estimation techniques.
• We study the diﬀerent semantics of queries with kNN and relational predicates.
We present various optimization heuristics and query evaluation plans (QEPs,
for short) that enhance the performance of these queries while preserving the
correct semantics. Furthermore, we apply our cost estimation techniques to
arbitrate between the various QEPs of these queries. Based on queries from the
TPC-H benchmark [25] and real spatial datasets from OpenStreetMap [26], we

7
demonstrate that our optimizations coupled with the cost model can achieve
query performance gains of up to three orders of magnitude.
• We introduce AQWA, an adaptive data-partitioning mechanism for big spatial
data that: i) incrementally reacts to data changes, and ii) is query-workloadaware. We present a cost-based model that manages the process of repartitioning the data while abiding by the limitations of the underlying distributed file
system. Based on real spatial datasets from Twitter, we experimentally demonstrate that: i) a query performance gain of one order of magnitude is achieved
in comparison to the state-of-the-art system [16], and ii) minimal overhead is
incurred during the process of repartitioning the data.
Parts of this dissertation are either published or accepted for publication. The
study for spatial queries with two kNN predicates is published in PVLDB, 2012 [27].
The cost estimation techniques for kNN predicates are published in EDBT, 2015 [28].
The study for spatial queries with kNN and relational predicates is accepted for publication in SIGSPATIAL, 2015. AQWA is published in PVLDB, 2015, as a demo [29];
and has been accepted for publication as a research paper in PVLDB, 2016.

1.4

Dissertation Outline
The rest of this dissertation is organized as follows. Chapter 2 presents some

common notations and concepts that are used throughout the dissertation. A comprehensive study of the processing of spatial queries with two kNN predicates is
presented in Chapter 3. Chapter 4 presents new techniques for estimating the cost
of spatial kNN predicates. Chapter 5 presents various optimization heuristics and
query evaluation plans for spatial queries with kNN and relational predicates, and
shows how the proposed cost estimation techniques can be applied to enhance the
performance of these queries. Chapter 6 presents AQWA, an adaptive and workloadaware mechanism for partitioning and processing large-scale spatial data. Finally,
Chapter 7 concludes the dissertation.
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2. PRELIMINARIES
In this chapter, we introduce the common notations and concepts that are used
throughout the dissertation.
We assume that the data consists of points in the two-dimensional space. We
use the Euclidean distance as the distance metric. The techniques and algorithms
presented in this dissertation do not assume a specific indexing structure. The algorithms can be applied to a quadtree, an R-tree, or any of their variants, e.g., [30–34].
These are hierarchical spatial data structures that recursively partition the underlying space/points into blocks until the number of points inside a block satisfies some
criterion (e.g., being less than some threshold).
We focus on the variants of the k-nearest-neighbor (kNN, for short) operations
given below. Assume that we have two tables, say R and S, where each tuple represents a point in the two-dimensional space and contain some other attributes that
describe the point. For example, for an hotel table, hotel location is the 2D-point
spatial attribute, while hotel name, hotel address, hotel rating, and hotel amenities
are attributes that describe an hotel.
• k NN-Select: Given a query-point q, σk,q (R) returns the k-closest to q from
the set of points in R.
• k NN-Join: R ✶kN N S returns all the pairs (r, s), where r ∈ R and s ∈ S, and
s is among the k-closest points to r.
Observe that the kNN-Join is an asymmetric operation, i.e., the two expressions:
(R ✶kN N S) and (S ✶kN N R) are not equivalent. In the expression (R ✶kN N S), we
refer to Relation R as the outer relation and to Relation S as the inner relation.
We make extensive use of the MINDIST and MAXDIST metrics [35]. Refer to Figure 2.1 for illustration. The MINDIST (or MAXDIST) between a point, say p, and a
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Fig. 2.1. The MINDIST and MAXDIST metrics [35].

block, say b, refers to the minimum (or maximum) possible distance between p and
any point in b. Similarly, the MINDIST (or MAXDIST) between two blocks is the minimum (or maximum) possible distance between them. In some scenarios,14 we process
the index blocks in a certain order according to their MINDIST (or MAXDIST) from a
certain point. An ordering of the blocks based on the MINDIST or MAXDIST from a
certain point is termed a MINDIST or MAXDIST ordering, respectively.
We assume that a query with multiple operators is compiled into a binary treestructured Query Evaluation Plan (QEP, for short) of pipelined operators that follow
a lazy evaluation scheme using operator iterators. Each operator is aware of its left
and right child operators. A unary operator, e.g., select, has only one child operator.
A table-scan operator is usually located at the leaf of the QEP. All the operators are
pull-based. Starting from the root, each operator in the QEP calls the getNext()
method of its direct child operator(s) to get a tuple. Then, the same method is
recursively called down the QEP by the underlying operators until the table-scan
operators at the leaf level are reached. Once an operator gets its next tuple(s), it
performs its designated operator logic, be it a select, a join, or a group-by, and reports
its output to its parents to respond to the parent’s getNext() call. For more details
on pull-based query evaluation pipelines, the reader is referred to [14].
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3. SPATIAL QUERIES WITH TWO KNN PREDICATES
This chapter studies the cases of interaction between two kNN predicates within
the same query. For each case, we introduce eﬃcient algorithms that guarantee the
correctness of evaluation, while achieving significant gains in query performance. We
limit our study to queries with no more than two kNN predicates because only two
predicates can adequately exemplify the correctness and performance challenges that
such queries impose.
The rest of this chapter proceeds as follows. Section 3.2 studies the evaluation of a
query with a kNN-Select and a kNN-Join. Section 3.3 studies the evaluation of a query
with two kNN-Joins. Section 3.4 studies the evaluation of a query with two kNNSelects. Section 3.5 experimentally evaluates the proposed techniques. Section 3.6
includes concluding remarks.

3.1

Introduction
The ubiquity of location-based services demands complex location-based queries

that can contain multiple spatial predicates. This chapter focuses on queries with two
(or more) kNN predicates. The key issue in such queries is that they can produce different results based on the order in which the predicates are evaluated. [13], studies the
conceptual evaluation of queries that include multiple similarity predicates [36]: similarity group-by (e.g., group-around) [37], similarity join (e.g., ϵ-join, kNN-join, and
join-around) [38], and similarity selection (e.g., ϵ-selection and kNN-selection). [13],
provides equivalence rules for similarity queries in the form of algebraic transformations that focus on the correctness of these transformations, but do not introduce any
algorithms for the eﬃcient evaluation of similarity queries. In contrast, this chapter
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introduces eﬃcient algorithms for processing queries with two kNN predicates while
retaining the correctness of their evaluation.
As shown in Chapter 1, queries containing two of these operations embed correctness and performance challenges. For instance, pushing a kNN-select on the inner
relation of a kNN-join is invalid. The lack of such optimization calls for new optimization techniques that can still leverage the pruning eﬀect of selection without
compromising the correctness of evaluation.
In this chapter, we study the following cases:
• The case of a kNN-select on the inner relation of a kNN-join.
• The case of a kNN-select on the outer relation of a kNN-join. This case has
been added for completeness. Actually, pushing a selection below the outer
relation of a kNN-join produces correct query results.
• The cases of two chained and unchained kNN-joins. Since the kNN-join is not
a symmetric operation, the two expressions (E1 ✶kN N E2 ) ∩ (E2 ✶kN N E3 ) and
(E1 ✶kN N E2 ) ∩ (E3 ✶kN N E2 ) are not equivalent. We call the joins in the
former expression chained (E1 → E2 → E3 ), and those in the latter expression
unchained.
• The case of two kNN-selects.
For each of these cases, we introduce eﬃcient algorithms that not only guarantee the
correctness of evaluation, but also outperform the corresponding conceptually correct
QEPs by orders of magnitude.
More specifically, the contributions of this chapter can be summarized as follows.
1. We introduce two algorithms, namely, Counting and Block-Marking, for evaluating a query with a kNN-select on the inner relation of a kNN-join.
2. We study the cases of two chained and unchained kNN-joins, and introduce
eﬃcient algorithms for their evaluation.
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3. We study the case of two kNN-selects, and present an eﬃcient algorithm for its
evaluation.
4. We conduct extensive experiments that show how our proposed techniques outperform the conceptually correct QEPs by orders of magnitude.

3.2

kNN-Select with kNN-Join
As discussed in Chapter 1, pushing a kNN-Select on the inner relation of a kNN-

Join is invalid. However, pushing a kNN-Select on the outer relation of a kNN-Join
is valid [13], i.e.,
(E1 ✶kN N E2 ) ∩ ((σkσ ,f (E1 )) × E2 ) ≡ (σkσ ,f (E1 )) ✶kN N E2 .
To illustrate the above situation, consider the scenario we introduced in Chapter 1.
Assume that the driver issues the following query: From the list of mechanic shops
and the two closest hotels to each mechanic shop, report the (mechanic shop, hotel)
pairs where the mechanic shop is amongst the two closest neighbors of the shopping
center. Notice that in this case, the selection is on the outer (left) relation of the join.
Figure 3.1 gives two diﬀerent QEPs; QEP1 and QEP2 ; for the query. In QEP1 , the
selection is pushed below the join while in QEP2 , the selection is performed after the
join. Clearly, both QEPs produce the same results. This is because as a consequence
of the pushed selection in QEP1 , some points of the outer relation will be excluded
from the join. However, performing the join for these excluded points is useless as
the results of the join that have any of these points will have to be excluded anyway
if the selection is to be applied at the end, as in QEP2 .
The challenge in pushing a kNN-Select1 on the inner relation of a kNN-Join calls
for new optimization techniques that can still leverage the pruning eﬀect of selection
without compromising the correctness of evaluation.
1

Notice that the same challenge exists if the selection is a spatial range (e.g., rectangle), or a
relational attribute-based selection
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Fig. 3.1. Two QEPs for a query with a kNN-Select on the outer relation of a kNNJoin. k = 2 in both predicates. Both QEPs result in the same pairs: (m2 , h1 ),
(m2 , m2 ), (h3 , h2 ), and (m2 , h3 ).

In the rest of this section, we present two algorithms; Counting and BlockMarking; for evaluating a query with a kNN-Select on the inner relation of a kNNJoin. Formally, the two algorithms evaluate a query of the form (E1 ✶kN N E2 ) ∩
(E1 × σkσ ,f (E2 )), that retrieves the pairs (e1 , e2 ), such that e2 is k✶ -closest to e1
and kσ -closest to f , where k✶ is the k value of the join, and kσ is the k value of the
selection.
The two algorithms are based on the following insight. First, we compute the
k-nearest-neighbors of f (i.e., perform the selection). Then, for each point e1 ∈ E1 , if
we can make sure that the k-nearest-neighbors of e1 cannot intersect the k-nearestneighbors of f without computing the k-nearest-neighbors of e1 , then we ignore e1 as it
will not contribute to the results of the query. Otherwise, we compute the k-nearestneighbors of e1 , and intersect them with the k-nearest-neighbors of f . The diﬀerence
between the two algorithms is in the way they check if the k-nearest-neighbors of e1
cannot intersect the k-nearest-neighbors of f .

3.2.1

Counting Algorithm

We assume that the count of points in each block is already computed and maintained. The Counting algorithm proceeds as follows. First, we compute the k-nearest-
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Fig. 3.2. The small circle to the right confines the k-nearest-neighbors of f in E2 .
The search threshold is the distance between e1 and the nearest to it in the k-nearestneighbors of f . If the count of the points of E2 in the gray blocks (i.e., blocks that
are completely included within the search threshold) exceeds k✶ , point e1 is ignored.

neighbors of f . Then, for each point e1 ∈ E1 , we compute the distance between e1 and
the nearest point to e1 in the k-nearest-neighbors of f . We call this distance search
threshold. Then, we determine the count of the points in the blocks that are completely
included within the search threshold. If the count exceeds k✶ , i.e., the k value of the
join, then the k-nearest-neighbors of e1 cannot intersect the k-nearest-neighbors of f .
Thus, it is useless to compute the k-nearest-neighbors of e1 . Otherwise, we compute
the k-nearest-neighbors of e1 , intersect them with the k-nearest-neighbors of f , and
produce pairs of the form (e1 , i), where i belongs to the intersection. An illustration
of the Counting algorithm is given in Figure 3.2.
Procedure 3.1 gives pseudocode for the algorithm. We assume the existence of
Method getkNN(p, k) that returns the k-nearest-neighbors of a point, say p, and
Method intersect(P, Q) that returns the set-intersection between two sets of points,
say P and Q. We use both methods throughout this chapter.

To determine the count of points in the blocks of E2 that are completely included
within the search threshold, we scan the blocks of the index of E2 in increasing order
of their MAXDIST from e1 . We keep accumulating the count of the points in the
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Procedure 3.1. kNN-Join kNN-Select (Counting)
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:

nbrf ← getkN N (f, kσ ) // k-nearest-neighbors of f
outputP airs ← ∅
for (e1 ∈ E1 ) do
// Get the distance from e1 to the nearest point to it in nbrf
searchT hreshold ← distance(e1 , nbrf .nearest)
count ← 0
maxOrder ← A MAXDIST ordering of E2 blocks from e1
while count ≤ k✶ do
block ← maxOrder.next()
if MAXDIST(block, e1 ) > searchT hreshold then
break
end if
count ← count + block.numberOf P oints
end while
if count ≤ k✶ then
nbre1 ← getkN N (e1 , k✶ ) // k-nearest-neighbors of e1
intersection ← intersect(nbrf , nbre1 )
for (i ∈ intersection) do
outputP airs.add(e1 , i)
end for
end if
end for
return outputP airs

encountered blocks. Once a block, say BM , having its MAXDIST greater than the
search threshold is encountered, we stop (see Line 11). The reason is that BM and
the ones to follow are not completely included within the search threshold. Also, we
stop if the number of points in the encountered blocks exceeds k✶ (see Line 8). In
this case, processing more blocks would result in a count that is also greater than k✶ .

3.2.2

Block-Marking Algorithm

The Block-Marking algorithm proceeds as follows. First, we compute the knearest-neighbors of f . Then, before performing the join, we perform a preprocessing
step for all the blocks of E1 . For each block, we determine whether points located
inside the block can contribute to the results of the query or not. If it is the case that
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Procedure 3.2. kNN-Join kNN-Select (Block-Marking)
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:

nbrf ← getkN N (f, kσ ) // k-nearest-neighbors of f
contriburingBlocks ← preprocess(nbrf )
outputP airs ← ∅
for (block ∈ contriburingBlocks) do
for (e1 ∈ block) do
nbre1 ← getkN N (e1 , k✶ ) // k-nearest-neighbors of e1
intersection ← intersect(nbrf , nbre1 )
for (i ∈ intersection) do
outputP airs.add(e1 , i)
end for
end for
end for
return outputP airs

no point e1 ∈ E1 in the block can contribute to the results of the query, we mark the
entire block Non-Contributing. Otherwise, the block is marked Contributing.
After the preprocessing step, we scan the Contributing blocks of E1 .

Non-

Contributing blocks are ignored. For each point e1 in a Contributing block, we compute e1 ’s k-nearest-neighbors, intersect them with the k-nearest-neighbors of f , and
produce pairs of the form (e1 , i), where i is a point that belong to the intersection.
Procedure 3.2 gives pseudocode for the algorithm. Line 2 calls the preprocessing step
through Procedure 3.3 listed next.

3.2.2.1

Eﬃcient Preprocessing

To determine whether a block is Contributing or not, we compute the k-nearestneighbors of the center of the block.2 Then, the distance between the center and the
farthest of its neighbors is determined, and is added to the length of the diagonal of
the block forming a search threshold. If no point in the k-nearest-neighbors of f is
within the search threshold, then we mark the entire block Non-Contributing. In this
case, any point, say p, in the block will have k✶ or more points that are nearer to p
than any point in the k-nearest-neighbors of f .
2

We discuss the reason behind choosing the center of the block later in this section.
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Fig. 3.3. A block is marked Non-Contributing if (r + d + ff arthest ) < fcenter .

An equivalent, yet cheaper check can be described as follows.
Refer to Figure 3.3 for illustration. Consider a block, say N C, e.g., the gray block
in Figure 3.3. Let r be the distance between the center of N C and the farthest of
N C’s neighbors, d be the length of the diagonal of N C, and ff arthest be the distance
between f and the farthest of f ’s neighbors, and fcenter be the distance between f
and the center of N C. N C is marked Non-Contributing if:
(r + d + ff arthest ) < fcenter .
A brute-force approach for the preprocessing phase is to scan each block in E1 ,
compute the k-nearest-neighbors of its center, and perform the check described above
to determine whether the block is Contributing or not. A more eﬃcient approach is
described below.
We scan the blocks of E1 in MINDIST order from f . When a block, say N C, is
marked Non-Contributing, the MAXDIST, say M , between N C and f is determined.
If all the following encountered blocks are also marked Non-Contributing, then we
stop scanning any more blocks when we encounter a block of MINDIST at least M .
Otherwise, if any of the next encountered blocks is not marked Non-Contributing,
then this cycle is repeated. The idea of this approach is to determine a contour (com-
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f

MaxDist of Green
= MinDist of Red

Fig. 3.4. The preprocessing phase. The green block is a Non-Contributing block.
All the next scanned blocks are also Non-Contributing (the contour of gray blocks).
Processing stops when the red block is encountered, since its MINDIST from f equals
the MAXDIST of the green block from f . All the next blocks (outside the gray contour)
are considered Non-Contributing without further processing.

plete cycle) of blocks such that all the blocks in the contour are Non-Contributing.
All the blocks outside that contour are considered Non-Contributing without further
processing. This is illustrated in Figure 3.4. Procedure 3.3 gives pseudocode for the
preprocessing phase.

3.2.2.2

Why Choose the Center of the Block?

An important question to address is: If we choose any location, say c, other than
the center of the block, will this result in a tighter (smaller) search threshold without
falsely marking the block Non-Contributing?
Theorem 3.1 The search threshold is minimum if c is the center of the block.
Proof The search threshold is determined by:
1. the distance between c and the farthest of its neighbors, and
2. an added distance, say x, that is the length of the diagonal of the block in case
c is the center of the block.
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Procedure 3.3. Preprocess Blocks (Block-Marking)
Terms: nbrf : The k-nearest-neighbors of f . M : MAXDIST between f and the first NonContributing block encountered in the cycle (e.g., the green block in the figure).
1: // ff arthest is the distance between f and the farthest of its neighbors
2: ff arthest ← distance(f, nbrf .f arthest)
3: contributingBlocks ← ∅
4: M ← 0
5: minOrder ← A MINDIST ordering of E1 blocks from f
6: for (block ∈ minOrder) do
7:
if (block.MINDIST(f ) ≥ M ) then
8:
break // All the remaining blocks are Non-Contributing
9:
end if
10:
nbr ← getkN N (block.center, k✶ ) // k-nearest-neighbors of center
11:
// r is the distance between center and the farthest of its neighbors
12:
r ← distance(block.center, nbr.f arthest)
13:
fcenter ← distance(block.center, f )
14:
if (r + block.diagonal + ff arthest < fcenter ) then
15:
// Non-Contributing block
16:
if (M = 0) then
17:
// First Non-Contributing block in the cycle
18:
M ← block.MAXDIST(f )
19:
end if
20:
else
21:
contributingBlocks.add(block)
22:
M ← 0 // Start another cycle
23:
end if
24: end for
25: return contributingBlocks

The purpose of the added distance x is to cover the k-nearest-neighbors of any point
in the block, i.e., guarantee that the k-nearest-neighbors of any point in the block
does not intersect the k-nearest-neighbors of f .
Assume that we randomly select the location of c, and compute its k-nearestneighbors. Refer to Figure 3.5 for illustration. The farthest location to c in the block
is the top-left corner of the block, say t. ct = y.3 Point a is the farthest point to c
in its k-nearest-neighbors. ac = r. Point b is the nearest point to t in the k-nearestneighbors of f . The region bounded by the search threshold does not intersect the
k-nearest-neighbors of f as shown.
3

To refer to the distance between two points, say p1 and p2 , we use the notation p1 p2 .
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Fig. 3.5. The eﬀect of choosing any point other than the center of the block to
compute the k-nearest-neighbors for. x = 2y is a tight lower bound for the added
distance x that guarantees the correct coverage of the search threshold.

Observe that in Figure 3.5, we illustrate a bounding case in which the three
positions a, b, and c are collinear and are on the diagonal of the block (or its extension).
Point t is in the middle of the distance between Points a and b, i.e., ta = tb = (y + r).
Any point inside the block other than t will have distance to Point a that is < (y + r),
and also will have distance to point b that is > (y + r).
If x > 2y then tb > (y + r). For any point inside the block, the distance to Point
a will be < (y + r), and the distance to point b will be > (y + r). This means that
the k-nearest-neighbors of any point in the block cannot intersect with the k-nearestneighbors of f , i.e., the block is correctly marked Non-Contributing.
If x < 2y then tb < (y + r). For Point t, Point b will be nearer than Point
a. So, even though no point in the k-nearest-neighbors of f is within the search
threshold, the k-nearest-neighbors of a point at the top-left corner will intersect the
k-nearest-neighbors of f , i.e., the block is falsely marked Non-Contributing.
Thus, x = 2y is a tight lower bound for the added distance x. And since y is the
distance from c to the farthest corner of the block, y is minimum if c is the center of
the block. For this reason, the search threshold is minimum if c is the center of the
block.
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3.2.3

Counting vs. Block-Marking

An important question to address is: How do we choose between the Counting and
Block-Marking algorithms? Observe that the Counting algorithm does not require
a preprocessing phase, i.e., once the query is issued, points of the outer relation are
processed. However, the Block-Marking algorithm requires a preprocessing phase to
determine the Contributing and Non-Contributing blocks. Although this is a winning
point for the Counting algorithm, the Block-Marking algorithm always has better
opportunities for being faster.
In the Counting algorithm, for every point in the outer relation, the number of
points in the blocks that are within the search threshold has to be determined. In
other words, the Counting algorithm poses a per-tuple overhead. On the other hand,
the Block-Marking algorithm has a per-block overhead (to determine the Contributing
blocks). Furthermore, as discussed in Section 3.2.2.1, this per-block overhead does
not aﬀect all the blocks of the outer relation. The reason is that the preprocessing
phase stops when a contour of Non-Contributing blocks is encountered.
As we illustrate in Section 3.5, when the number of points in the outer relation
is small, the Counting algorithm has better performance. In this case, because the
density of the points is relatively low, the overhead of the preprocessing phase of the
Block-Marking algorithm is relatively high as it requires computing the k-nearestneighbors of the centers of many blocks without significant payoﬀ. On the other
hand, when the number of points in the outer relation is relatively high, i.e., high
density, the Block-Marking algorithm has better performance because entire blocks
will be excluded from the join. On the contrary, the Counting algorithm will have to
process every point.

3.3

Two kNN-Joins
As mentioned in Chapter 2, the kNN-Join is not a symmetric operation, i.e., the

two expressions (E1 ✶kN N E2 ) ∩ (E2 ✶kN N E3 ) and (E1 ✶kN N E2 ) ∩ (E3 ✶kN N E2 ) are
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Fig. 3.6. Two possible QEPs for a query with unchained kNN-Joins. kA−B = kC−B =
2. In (a), (A ✶kN N B) is evaluated before (C ✶kN N B). In (b), (C ✶kN N B) is
evaluated before (A ✶kN N B).

not equivalent. We call the joins in the former expression chained (E1 → E2 → E3 ),
and the joins in the latter expression unchained.

3.3.1

Unchained kNN-Joins

Consider a query on three data sets, say A, B, and C. The query is to retrieve
the triplets (a, b, c), where a ∈ A, b ∈ B, and c ∈ C, such that b is a kA−B nearest
neighbor of a, and b is a kC−B nearest neighbor of c. Figure 3.6 gives two possible
QEPs for the query. In the figure, solid lines indicate the kNN-Join performed first,
and dashed lines indicate the kNN-Join performed at the end.
Although both QEPs seem to be legitimate, they produce diﬀerent results; surprisingly none of them is correct. The reason is that if either join is performed first,
then it filters out the input of the inner relation of the other join. For example, in
Figure 3.6(a), when (A ✶kN N B) is performed first, point b3 is filtered out and will not
be amongst the k-nearest-neighbors of any point c ∈ C. Similarly, in Figure 3.6(b),
when (C ✶kN N B) is performed first, point b1 is filtered out and will not be amongst
the k-nearest-neighbors of any point a ∈ A. Each QEP is equivalent to pushing a
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Fig. 3.7. The conceptually correct QEP for a query with two unchained kNN-Joins.
The two joins (C ✶kN N B) and (A ✶kN N B) are evaluated independently. kA−B =
kC−B = 2. The resulting triplets are: (a1 , b2 , c1 ), (a1 , b2 , c2 ), (a2 , b2 , c1 ), and (a2 , b2 , c2 ).

selection on the inner relation of a kNN-Join, which has been proven to be invalid as
we showed in Section 1.
According to [13], to evaluate a query with two unchained kNN-Joins, each join
has to be evaluated independently. The results of the two joins are combined using
some operation that has the same flavor as intersection. This operation takes as input
the two sets of pairs of the outputs of the two joins, and returns the matching pairs
that have the same B component, i.e., intersects the two sets of pairs on B, which
we denote by ∩B . This is illustrated in the QEP in Figure 3.7.
3.3.1.1

Eﬃcient Evaluation

Consider the QEP in Figure 3.7 for evaluating unchained kNN-Joins. Notice that
because the two joins are evaluated independently, we can start with either join.
Without loss of generality, assume that the execution starts by evaluating the join
(A ✶kN N B). We study the issue of choosing the optimal join order later in this
section. This QEP is eﬃcient if every point c ∈ C is part of the final results of the
query. As we show next, if some points in C do not contribute to the results of the
query, computing their k-nearest-neighbors is redundant, and can be avoided without
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Fig. 3.8. For points in Circle L, the join (C ✶kN N B) is redundant and its computation
can be avoided.

losing the correctness of evaluation. This is illustrated in Figure 3.8 that shows the
distribution of the data sets A, B, and C.
In Figure 3.8, points of Set A are in Circle Z, points of Set B are divided between
Circles X and M , and points of Set C are divided between Circles Y and L. The
points in Circle M confine the k-nearest-neighbors of the points in Circle L. The
points in Circle X confine the k-nearest-neighbors of the points in Circle Y . The
points in Circle X confine also the k-nearest-neighbors of points in Circle Z. For
all the points in Circle L, performing the join (C ✶kN N B) is redundant because its
result will never intersect the result of the join (A ✶kN N B) as the join result of the
latter is fully contained in Circle X. On the other hand, for the points in Circle Y ,
performing the join (C ✶kN N B) is essential, because its result will be in Circle X
that also contains the result of the join (A ✶kN N B).
To eﬃciently evaluate a query with two unchained kNN-Joins (A ✶kN N B) and (C
✶kN N B), we follow the following procedure. After evaluating the join (A ✶kN N B),
we determine the blocks of B that contain points b ∈ B that belong to the resulting
pairs (a, b), where a ∈ A. We mark these blocks as Candidate blocks. All the other
blocks are marked as Safe blocks. For example, in Figure 3.8, Circle X is a Candidate
block, and Circle M is a Safe block.
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Fig. 3.9. An illustration of the Block-Marking Algorithm for processing a query with
two unchained kNN-Joins. Gray blocks are Candidate blocks. White blocks are Safe
blocks. A block is Non-Contributing if the blocks that are fully or partially contained
within its search threshold are Safe.

Before evaluating the join (C ✶kN N B), we do a preprocessing step similar to the
preprocessing step of the Block-Marking technique in Section 3.2.2. In this preprocessing step, we scan all the blocks of C to determine the blocks that are contributing
or non-contributing to the results of the query. For each block, we compute the knearest-neighbors of its center. Then, the distance from the center to the farthest
point in its neighbors is determined, and is added to the length of the diagonal of
the block to form a search threshold as in Figure 3.9. We mark the block NonContributing if all the blocks that are fully or partially contained within the search
threshold are Safe.
After the preprocessing step, we scan the Contributing blocks of C.

Non-

Contributing blocks are ignored. For each point, say c, in a Contributing block,
we compute c’s k-nearest-neighbors, and produce pairs of the form (c, b) that we intersect on B (i.e., ∩B ) with the computed pairs of the join (A ✶kN N B). Procedure 3.4
gives pseudocode for the algorithm.
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Procedure 3.4. Unchained kNN-Joins (Block-Marking)
Terms: A, B, C: The input relations of the two joins. kA−B , kC−B : The k values of the
joins (A ✶kN N B) and (C ✶kN N B), respectively.
1: // Perform the join (A ✶kN N B)
2: ABpairs ← kN N Join(A, B, kA−B )
3: BP ointsInAB ← project(ABpairs) // Project on B
4: // Determine Candidate blocks of C (a block is Safe by default)
5: for (b ∈ BP ointsInAB) do
6:
block ← C.index.locate(b)
7:
block.isSaf e ← f alse
8: end for
9: // Preprocess the blocks of C to determine the Contributing ones
10: contributingBlocks ← ∅
11: for (block ∈ C.index) do
12:
if (block.isSaf e = f alse) then
13:
contributingBlocks.add(block)
14:
else
15:
nbr ← getkN N (block.center, kC−B )
16:
r ← distance(block.center, nbr.f arthest)
17:
searchT hreshold ← r + block.diagonal
18:
if (any block within searchT hreshold is Candidate) then
19:
contributingBlocks.add(block)
20:
end if
21:
end if
22: end for
23: // Perform the join (C ✶kN N B) and intersect on B
24: outputT riplets ← ∅
25: for (block ∈ contriburingBlocks) do
26:
for (c ∈ block) do
27:
nbrc ← getkN N (c, kC−B ) // k-nearest-neighbors of c
28:
for ((a, b) ∈ ABP airs) do
29:
if (b ∈ nbrc ) then
30:
outputT riplets.add(a, b, c)
31:
end if
32:
end for
33:
end for
34: end for
35: return outputT riplets

A simple optimization for the preprocessing phase is to process only the Safe
blocks. This is because a Candidate block is never marked Non-Contributing as its
center is not contained in a Safe block (refer to the check in Line 12 of Procedure 3.4).
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3.3.1.2

Join Order

In the QEP of Figure 3.7, each kNN-Join is evaluated independently. Thus, changing the order of the two unchained kNN-Joins leads to the same results for the query.
However, choosing which join to evaluate first can aﬀect the number of Candidate
and Safe blocks, and hence directly impacts the number of Non-Contributing (pruned)
blocks in the second join. Hence, the question: Which of the joins (A ✶kN N B) and
(C ✶kN N B) should be evaluated first?
Consider the case when the points in A and B are uniformly distributed and cover
the whole space, while the points in C are clustered inside a certain region, say R.
If we perform the join (A ✶kN N B) first, there will be no Safe blocks because the knearest-neighbors of the points of A will cover all the blocks in B due to the uniformity
in data distribution. This means that all the blocks of C will be Contributing, i.e.,
no pruning will take place. On the other hand, if we perform the join (C ✶kN N B)
first, the Candidate blocks will be only in Region R and its surroundings. This means
that there will be several Safe blocks. This will result in Non-Contributing blocks in
A that are pruned during the other join (A ✶kN N B).
In conclusion, considering A and C as the outer relations of two unchained kNNJoins:
• If either A or C is clustered, the evaluation of the query should start with the
join of the clustered relation. As a consequence, blocks of the inner relation
(e.g., B) will have higher chance to be Safe. This would maximize the number
of Non-Contributing blocks in the outer relation of the second join, and hence
these blocks will be pruned.
• If both A and C are clustered, the evaluation of the query should start with the
join of the relation that has less cluster coverage, i.e., the relation with clusters
that cover smaller area. This increases the chance of pruning in the second join.
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3.7, i.e., perform bothc4 joins independently. If Procedure 3.4 is applied,

then there will be a preprocessing overhead (to mark the blocks) without payoﬀ.
The reason is that all the blocks of the outer relation of the second join will be
Contributing, i.e., no pruning will occur.
In Section 3.5.2.1, we exploit various data distributions and cluster setups that demonstrate the eﬀects depicted in the above cases.

3.3.2

Chained kNN-Joins

Consider a query on three data sets, say A, B, and C. The query is to retrieve
the triplets (a, b, c), where a ∈ A, b ∈ B, and c ∈ C, such that b is a kA−B nearest
neighbor of a, and c is a kC−B nearest neighbor of b. The query can be evaluated in a
variety of ways as Figure 3.10 illustrates. The three QEPs in the figure produce the
same results for the query, i.e., the following relation holds [13]:
(A ✶kN N B) ∩ (B ✶kN N C) ≡
(A ✶kN N B) ✶kN N C ≡
A ✶kN N (B ✶kN N C).
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The correctness of the above relation can be explained as follows. The join (A
✶kN N B) can be viewed as a selection on the outer relation of the join (B ✶kN N C)
(i.e., selection on B). As discussed in Section 3.2, pushing a selection on the outer
relation of a kNN-Join does not aﬀect the correctness of evaluation. That is why
performing the join (A ✶kN N B) before or after the join (B ✶kN N C) leads to the
same results.

3.3.2.1

Eﬃcient Evaluation

Although the three QEPs in Figure 3.10 produce the same results, they have
diﬀerent performance. The following points illustrate the pros and cons of each QEP.
• QEP1 is a right deep plan; the results of the join (B ✶kN N C) have to be
materialized before proceeding with the other join. This is a major drawback,
because no output can be produced until after the join (B ✶kN N C) is complete.
Moreover, performing the join (B ✶kN N C) first implies that some redundant
computations will be performed, e.g., getting the k-nearest-neighbors of b1 although none of them will appear in the results of the query as none of them is
amongst the k-nearest-neighbors of any point a ∈ A.
• QEP2 has an extra operator; ∩B ; to intersect the results of both joins on B.
Moreover, QEP2 suﬀers the same redundant computations as QEP1 , since QEP2
blindly computes the k-nearest-neighbors of every point b ∈ B regardless of
whether or not b appears in the results of the query.
• QEP3 avoids the redundant computations of QEP1 and QEP2 . The k-nearestneighbors of a point b ∈ B is computed only if b is produced as a nearest
neighbor to a point a ∈ A. Thus, computing the k-nearest-neighbors of b1 is
avoided in this QEP. This results in remarkable performance gains for QEP3
in comparison to QEP1 and QEP2 especially for relations that have clusters of
points. Clusters of points in B that are not amongst the k-nearest-neighbors
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of any point a ∈ A are pruned in the joins of QEP3 . However, both QEP1 and
QEP2 will have to process all the clusters. On the other hand, QEP3 suﬀers
some repeated computations. In particular, this happens for every point b that
is amongst the k-nearest-neighbors of more than one point in A. For example,
computing the k-nearest-neighbors of b2 is performed twice because b2 appears
in the k-nearest-neighbors of both a1 and a2 . Similarly, the k-nearest-neighbors
of b3 are computed twice.
To avoid the repeated computations in QEP3 , we cache the results of the join (B
✶kN N C) in a hash table, where b ∈ B is the key, and the value is the set of the knearest-neighbors of b. Whenever a pair (a, b) is produced from the join (A ✶kN N B),
the hash table is probed to check if an entry corresponding to b exists. If such entry
exists, the k-nearest-neighbors of b are retrieved from the hash table. Otherwise, the
k-nearest-neighbors of b are computed. As we show in Section 3.5, caching the results
of the join (B ✶kN N C) significantly improves the performance of QEP3 , and thus
outperforms both QEP1 and QEP2 .

3.4

Two kNN-Selects

3.4.1

Correct Conceptual Evaluation

When two kNN-Select predicates are combined in a single query, diﬀerent QEPs
that seem to be legitimate can produce diﬀerent results. The following example
illustrates such ambiguity in the evaluation of a query with two kNN-Selects.
Assume that a person gets a new job in a city diﬀerent from where he lives. He
decides to move with his family to the new city, and considers buying a new house
such that the new house is close to both his work and the school of his children. He
wants to select candidate houses to choose from such that these houses are among
the closest five houses to both his work and the school.
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Fig. 3.11. Two possible QEPs for a query with two kNN-Selects. kA−B = kC−B = 2.
In (a), σkN N,W ork (House) is performed before σkN N,School (House). The resulting
houses are: x, y, l, m, and z. In (b), σkN N,School (House) is performed before
σkN N,W ork (House). The resulting houses are: x, y, n, p, and o.

Figure 3.11 gives two diﬀerent QEPs for the above query with the corresponding
resulting houses. In the figure, solid lines indicate the kNN-Select predicate performed
first, and dashed lines indicate the kNN-Select predicate performed second.
Although the QEPs in Figure 3.11 seem legitimate, they produce diﬀerent results.
Surprisingly, both results are wrong. The reason is that when any of the two kNNSelects is performed first, it filters out the input of the other kNN-Select. The scope of
the kNN-Select performed at the end will be limited to only the k points that qualify
the first kNN-Select. For example, in Figure 3.11(a), σkN N,School (House) has nothing
to select from except the five houses that σkN N,W ork (House) returns. Similarly, in
Figure 3.11(b), σkN N,W ork (House) has nothing to select from except the five houses
that σkN N,School (House) returns.
According to [13], for the above query to be correctly evaluated, each kNN-Select
predicate has to be evaluated independently. Then, the results of applying both
predicates are intersected. This is illustrated in the QEP in Figure 3.12.
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Fig. 3.12. The conceptually correct QEP for a query with two kNN-Select predicates. Each predicate is evaluated independently, and the results are intersected.
The resulting houses are: x and y.

3.4.2

Eﬃcient Evaluation

The QEP in Figure 3.12 for evaluating a query with two kNN-Selects, say σk1 ,f1 (E)
and σk2 ,f2 (E), is eﬃcient if k1 = k2 . If k1 ̸= k2 , the above QEP suﬀers some redundancy as the following discussions demonstrate.
Consider a query that has the two kNN-Selects σ5,f1 (E) and σ100,f2 (E), i.e., k1 = 5
and k2 = 100 (i.e., k2 has a value that is significantly greater than k1 ). If the algorithm
described in Chapter 2 is applied to σ100,f2 (E), the number of scanned blocks for f2
will be large and will cover almost the entire space in which the points reside. This is
not eﬃcient because it does not consider the k-nearest-neighbors of f1 . In particular,
the number of scanned blocks for f2 can be smaller and still produce correct results
for the query. This can be achieved by observing that the k-nearest-neighbors of f1
are completely included inside the blocks that contain the k-nearest-neighbors of f2 .
Because the final result of the query is determined by intersecting the knearest-neighbors of f1 and f2 , this final result cannot include points other than
the k-nearest-neighbors of f1 .

Consequently, once the k-nearest-neighbors of f1

are determined, the search space corresponding to f2 can be adjusted to cover
just the k-nearest-neighbors of f1 . We define the search threshold as the distance
between f2 and the farthest to it in the k-nearest-neighbors of f1 . A block, say
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k2=100
f2
f1
k1=5

Search
Threshold

Fig. 3.13. Processing a query with two kNN-Selects. The search threshold is the
distance between f2 and the farthest to it in the k-nearest-neighbors of f1 . A block
is considered for f2 if its MINDIST from f2 is less than the search threshold.

b, is considered only if the MINDIST between b and f2 is less than or equal to the
search threshold. This guarantees that the k-nearest-neighbors of f1 are included
in the blocks considered for f2 and in turn, the final result of the query. Refer to
Figure 3.13 for illustration.

Procedure 3.5 gives pseudocode for evaluating a query with two kNN-Select predicates. The procedure starts by computing the k-nearest-neighbors of f1 , i.e., evaluating the predicate with smaller k. Afterwards, the search threshold is determined from
the k-nearest-neighbors of f1 . To compute the k-nearest-neighbors of f2 , The search
space corresponding to f2 is determined by scanning the blocks in MINDIST order from
E2 and stopping when an encountered block has MINDIST from f2 that is greater than
the search threshold (see Line 14 of Procedure 3.5). Then, the k-nearest-neighbors
of f2 are determined from the blocks in f2 ’s search space. Finally, the intersection of
the k-nearest-neighbors of f1 and f2 represents the answer of the query.
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Procedure 3.5. 2-kNN-Select
Terms: nbr1 , nbr2 : The k-nearest-neighbors of f1 and f2 , respectively.
1: if k1 > k2 then
2:
swap(k1 , k2 )
3:
swap(f1 , f2 )
4: end if
5: nbr1 ← getkN N (f1 , k1 )
6: searchT hreshold ← distance(f2 , nbr1 .f arthestT of2 )
7: f2 .searchSpace ← ∅
8: // Process the blocks in MINDIST order from f2
9: minOrder ← A MINDIST ordering of the blocks from f2
10: for (block ∈ minOrder) do
11:
if MINDIST(block, f2 ) ≤ searchT hreshold then
12:
f2 .searchSpace.add(block)
13:
else
14:
break
15:
end if
16: end for
17: // Determine the k-nearest-neighbors of f2 from its search space
18: nbr2 ← getkN N (f2 , f2 .searchSpace)
19: return intersect(nbr1 , nbr2 )

3.5

Experimental Evaluation
In this section, we study the performance of the proposed optimization techniques.

We measure the query execution time. To compute the k-nearest-neighbors of a point,
we implement the algorithm in [35]. All implementations are in Java. Experiments
are conducted on a machine running Windows 7 with Intel Core2 Duo CPU at 2.1
GHz and 4 GB of main memory.
Our datasets are mainly generated using BerlinMOD [39]; a benchmark for spatiotemporal database management systems. The data is downloadable through the
BerlinMOD website [40] with scale-factor 1.0. In BerlinMOD, about two thousand
cars report their movement over Berlin City for 28 days. We remove the time dimension from the data to deal with snapshots of points. Depending on the kind of
experiment, we vary the number of points in the datasets, from 32,000 to 2,560,000
data points. A sample snapshot of the data is given in Figure 3.14. In addition to
the BerlinMOD data, and in order to demonstrate some specific eﬀects, we generate
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Fig. 3.14. A sample snapshot of BerlinMOD data plotted on the map of Berlin City.

our own synthetic data. In particular, for some experiments, we generate clustered
data and vary the number of clusters.
We index the data points into a simple grid. Since our algorithms are independent of a specific indexing structure, we choose a grid in order to be able to see
the eﬀectiveness of our algorithms even with simple structures. We expect our algorithms to maintain the same eﬀectiveness (if not better) with more robust index
implementations, e.g., using variants of the R-tree or the quadtree.

3.5.1

kNN-Select with kNN-Join

In the following experiments, we study the performance of the two proposed algorithms, Counting and Block-Marking, for a query with a kNN-Select on the inner
relation of a kNN-Join. Figure 3.15 illustrates that the Block-Marking algorithm
outperforms the conceptually correct QEP by orders of magnitude. Blocks of points
of the outer relation that do not contribute to the results of the join are detected
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Fig. 3.16. Execution time of a query with a kNN-Select on the inner relation of a
kNN-Join. The Counting algorithm has better performance than the Block-Marking
algorithm when the number of points in the outer relation is low, and vice versa.

and are excluded from the join operation. From the figure, increasing the number of
points in the outer relation emphasizes the pruning eﬀects of the algorithm.
Figures 3.16 and 3.17 compare the performance of the Counting and BlockMarking algorithms. In Figure 3.16, the number of points in the outer relation is
lower than those in Figure 3.17.

As the figures demonstrate, when the number of

points in the outer relation is small, the Counting algorithm has better performance.
In this case, the density of the points is relatively low, and the overhead of the preprocessing phase required by the Block-Marking algorithm is relatively high because
it requires computing the k-nearest-neighbors of the centers of many blocks without
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Fig. 3.17. Execution time of a query with a kNN-Select on the inner relation of
a kNN-Join. The Block-Marking algorithm has much better performance than the
Block-Marking algorithm when the number of points in the outer relation is high.

much payoﬀ. On the other hand, when the number of points in the outer relation is
high, i.e., the outer relation has high density, the Block-Marking algorithm has better
performance because entire blocks are excluded from the join. On the contrary, the
Counting algorithm processes every point.

3.5.2
3.5.2.1

Two kNN-Joins
Unchained kNN-Joins

In the following experiments, we study the performance of the Block-Marking
algorithm for a query with two unchained kNN-Joins, e.g., (A ✶kN N B) and (C ✶kN N
B). As mentioned in Section 3.3.1.2, if both A and C are uniformly distributed, then
it is better to use the conceptually correct QEP of Figure 3.7, i.e., perform both joins
independently, than to use the Block-Marking algorithm. In that case, if the BlockMarking algorithm is applied, then there will be a preprocessing overhead without
payoﬀ.
To demonstrate the pruning eﬀects of the Block-Marking algorithm, we have the
following experimental setup. Points of B and C are generated using BerlinMOD.
Points of A are generated such that they are clustered inside a certain region. We fix
the number of points in A and B, and vary the number of points in C.
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Fig. 3.18. Execution time of a query with two unchained kNN-Joins (A ✶kN N B)
and (C ✶kN N B). B and C are uniformly distributed, and A is clustered. The
Block-Marking algorithm outperforms the conceptually correct QEP by an order of
magnitude.

Figure 3.8 illustrates that the Block-Marking algorithm can outperform the conceptually correct QEP by an order of magnitude. As the figure demonstrates, the
Block-Marking algorithm almost has constant performance because it detects the
blocks of C that do not contribute to the results of the query, and excludes them
from the join (C ✶kN N B). However, the conceptually correct QEP has to perform
the join for all the points in C regardless of the layout of the data.
If both A and B are clustered, then applying the Block-Marking technique can
also result in good performance gains. In this case, the evaluation of the query should
start with the join of the relation that has less cluster coverage, i.e., the relation the
clusters of which cover smaller area. This gives a higher chance for pruning eﬀects in
the second join.
To demonstrate this eﬀect, we have the following experimental setup. Points of
B are generated using BerlinMOD. We generate clusters of points in A and C. All
the clusters have the same number of points (4000), have the same area, and are nonoverlapping. We vary the number of clusters such that the number of clusters in A is
greater than the number of clusters in C by 1, 2, . . . , 10. Figure 3.19 illustrates that
starting the evaluation with (C ✶kN N B) results in better performance than starting
with (A ✶kN N B). If the evaluation starts with (C ✶kN N B), the Block-Marking
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Fig. 3.19. Execution time of a query with two unchained kNN-Joins (A ✶kN N B) and
(C ✶kN N B). A and C are clustered. Varying the diﬀerence between the number of
clusters in A and C; when the number of clusters in C is smaller, starting with (C
✶kN N B) results in better performance.

algorithm detects the clusters of points in A that do not contribute to the results of
the query and excludes them from the join (A ✶kN N B). However, starting with (A
✶kN N B) will fully compute the join for all the clusters without exclusion.

3.5.2.2

Chained kNN-Joins

In the following experiments, we study the performance of the three QEPs of
Figure 3.10, for a query with two chained kNN-Joins, e.g., (A ✶kN N B) and (B ✶kN N
C). For illustration, we call QEP3 : Nested Join, and QEP2 : Join Intersection.
As discussed in Section 3.3.2, there are two versions of the Nested Join QEP; one
that caches the results of the join (B ✶kN N C) in a hash table to avoid repeating
join computations, and another version that does not do any caching. Figure 3.20
illustrates that caching the results of the join (B ✶kN N C) significantly enhances the
performance.
As discussed in Section 3.3.2, the Join Intersection QEP performs the two joins
(A ✶kN N B) and (B ✶kN N C) independently, and then intersects their results on
B (i.e., ∩B . However, the Nested Join QEP performs the join (B ✶kN N C) only
for points b ∈ B that are amongst the k-nearest-neighbors of one or more points in
A. When comparing the two QEPs, we find that both plans have almost the same
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Fig. 3.21. Execution time of a query with two chained kNN-Joins (A ✶kN N B) and
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performance if the data points are uniformly distributed. However, as Figure 3.21
demonstrates, for clustered data, the Nested Join QEP has better performance. We
use the version of the Nested Join QEP that caches the results of the join (C ✶kN N
B). As the number of clusters in B increases, the Nested Join QEP outperforms the
Join Intersection QEP. This is because the Join Intersection QEP blindly does both
joins without any kind of pruning. However, clusters of points in B that are not
amongst the k-nearest-neighbors of any point in A are pruned by the Nested Join
QEP.
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Fig. 3.22. Execution time of a query with two kNN-Selects. The 2-kNN-Select algorithm outperforms the conceptually correct QEP by almost two orders of magnitude.

3.5.3

Two kNN-Selects

In the following experiment, we study the performance of the 2-kNN-Select algorithm, for a query with two kNN-Select predicates, e.g., σk1 ,f1 (E) and σk2 ,f2 (E).
Unlike the 2-kNN-Select algorithm, the conceptually correct QEP fully computes the
two kNN-Selects and then intersects the results, i.e., does not leverage the eﬀect of
doing one select and using its output to prune some of the work of the other. In particular, this eﬀect is leveraged by the 2-kNN-Select algorithm when k1 and k2 have
diﬀerent values.
Figure 3.22 illustrates how the 2-kNN-Select algorithm can outperform the conceptually correct QEP by almost two orders of magnitude. In this experiment, we
fix k1 = 10 and vary k2 . The x-axis of the figure is log2 (k2 /k1 ). As the ratio k1 /k2
increases, the performance of the conceptually correct QEP degrades. The 2-kNNSelect algorithm has almost constant performance, as it adjusts the search threshold
corresponding to the predicate of higher k value to cover just the output of the predicate of lower k value.
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3.6

Concluding Remarks
In this chapter, we presented the first complete study for the optimization of

queries with two kNN predicates. Such queries raise two main challenges: i) a correctness challenge, and ii) a peformance challenge. For diﬀerent combinations of two
kNN predicates, we presented eﬃcient algorithms that guarantee the correctness of
evaluation, and outperform the corresponding conceptually correct QEPs by orders
of magnitude.
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4. COST ESTIMATION OF SPATIAL KNN OPERATORS
This chapter studies the problem of estimating the cost of the spatial kNN operators, namely, the kNN-Select and kNN-Join operators. Given a query that has a
kNN operator, the objective is to estimate the number of blocks that are going to be
scanned during the processing of this operator. This chapter introduces cost estimation techniques that maintain a compact set of catalog information that can be kept
in main-memory to enable fast estimation via lookups.
The rest of this chapter proceeds as follows. Section 4.1 introduces the problem
with some motivating examples. Section 4.2 introduces some preliminaries and discusses the related work. Section 4.3 presents the Staircase technique for estimating
the cost of the kNN-Select. Section 4.4 presents the Block-Sample, Catalog-Merge,
and Virtual-Grid techniques for estimating the cost of the kNN-Join. Section 4.5
provides an experimental study of the performance of the proposed techniques. Section 4.6 contains concluding remarks.

4.1

Introduction
The kNN-Select and kNN-Join operators can be used along with other spatial or

relational operators in the same query. In this case, various query-execution-plans
(QEPs, for short) for the same query are possible, but with some of the QEPs having
better execution times than the others. The role of a query optimizer is to arbitrate
among the various QEPs and pick the one with the least processing cost. In this
chapter, we study the problem of estimating the cost of the kNN-Select and kNNJoin operators.
To demonstrate the importance of estimating the cost of these operators, consider
the following example query: ‘Find the k-closest restaurants to my location such that
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the price of the restaurant is within my budget’. This query combines a spatial kNNSelect with a relational select (price ≤ budget). There are two possible QEPs for
executing this query: (i) Apply the relational select first, i.e., select the restaurants
with price ≤ budget and then get the k-closest out of them, or (ii) Apply an incremental kNN-Select (i.e., distance browsing [41]) and evaluate the relational select on the
fly; execution should stop when k restaurants that qualify the relational predicate are
retrieved. Clearly, the two QEPs can have diﬀerent performance. Thus, it is essential
to estimate the cost of each processing alternative in order to choose the cheaper QEP.
Observe that distance browsing is also applicable to non-incremental kNN-Select (i.e.,
to QEP(i)). [41] proves that for non-incremental kNN-Select, the number of scanned
blocks is optimal in distance browsing. Thus, in this chapter, we model the cost of
distance browsing being the state-of-the-art for kNN-Select processing.
In addition to modeling the cost of the kNN-Select, we study the cost of the kNNJoin. The kNN-Join is a practical spatial operation for many application scenarios.
For example, consider the following query that combines a relational or a spatial
predicate with a kNN-Join predicate. Assume that a user wants to select for each
hotel, its k-closest restaurants (kNN-Join predicate) such that the restaurant/hotel’s
price is within the user’s budget (relational predicate), or that the restaurant/hotel’s
location is within a certain downtown district (spatial range predicate). Clearly, estimating the cost of a kNN-Join is important to decide the ordering of the relational,
spatial, and kNN operators in the QEP. A kNN-Join can also be useful when multiple
kNN-Select queries are to be executed on the same dataset. To share the execution,
exploit data locality and the similarities in the data access patterns, and avoid multiple yet unnecessary scans of the underlying data (e.g., as in [42]), all the query points
are treated as an outer relation and processing is performed in a single kNN-Join. In
this chapter, we introduce a cost model for locality-based kNN-Join processing [43],
which is the state-of-the-art in kNN-Join processing.
While several research eﬀorts (e.g., see [44–52]) estimate the selectivity and cost
of the spatial join and range operators, they are not applicable to the kNN operators.
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For instance, the cost of a spatial range operator is relatively easy to estimate because
the spatial region of the operator, in which the query answer resides, is predefined
and fixed in the query. In contrast, the spatial region that contains the k-nearestneighbors of a query point, in the case of a kNN-Select, or a point of the outer relation
in the case of a kNN-Join, is variable since it depends on the value of k, the location of
the point, and the density of the data (i.e., its distribution). These three parameters
render the problem of kNN cost-estimation more challenging.
In this chapter, we introduce the Staircase technique for estimating the cost of the
kNN-Select. The Staircase technique distinguishes itself from existing techniques by
the ability to quickly estimate the cost of any query using an O(1) lookup. The main
idea of the Staircase technique is to maintain a compact set of catalog information
that summarize the cost. We perform various optimizations to limit the size of the
catalog such that it can easily fit in main-memory. We empirically compare the
performance of the Staircase technique against the state-of-the-art technique [53].
We show that the Staircase technique has better accuracy for spatial non-uniform
data in the two-dimensional space while achieving orders-of-magnitude gain in query
estimation time. Having a fast query execution time is vital for location-based services
that serve multiple queries at very high rates, e.g., thousands of queries per second.
Thus, estimating the cost needs to be extremely fast as it is a preliminary step before
the query itself is executed.
In addition to estimating the cost of the kNN-Select, we introduce three new techniques for estimating the cost of the kNN-Join. Similarly to the Staircase technique,
the proposed techniques employ a compact set of catalogs that summarize the cost
and enable fast estimation. First, we present the Block-Sample as our baseline technique. Then, we introduce the Catalog-Merge technique that has better estimation
time than the Block-Sample technique, but incurs relatively high storage overhead.
Then, we introduce the Virtual-Grid technique that incurs less storage overhead than
the Catalog-Merge technique. To the best of our knowledge, estimating the cost of
the kNN-Join has not been addressed in previous work.
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The contributions of this chapter can be summarized as follows:
• We introduce the Staircase technique for estimating the kNN-Select cost.
• We introduce three novel techniques for estimating the kNN-Join cost, namely
the Block-Sample, Catalog-Merge, and Virtual-Grid techniques.
• We conduct extensive experiments to study the performance and accuracy
tradeoﬀ that each of the proposed technique oﬀers. Our experimental results
demonstrate that:
– the Staircase technique outperforms the techniques in [53] by two orders
of magnitude in estimation time and by more than 10% in estimation
accuracy,
– the Catalog-Merge technique achieves an error ratio of less than 5% while
keeping the estimation time below one microsecond, and
– the Virtual-Grid technique achieves an error ratio of less than 20% while
reducing the storage required to maintain the catalogs by an order of magnitude compared to the Catalog-Merge technique.

4.2

Preliminaries and Related Work
In addition to the index that maintains the data points, we assume the existence of

an auxiliary index, termed the Count-Index. The auxiliary index does not contain
any data points, but rather maintains the count of points in each data block.
Before describing how to estimate the cost of the kNN operations, we briefly
describe the state-of-the-art algorithms for processing the kNN-Select and kNN-Join.
Existing kNN-Select algorithms prune the search space following the branch-andbound paradigm. [35] applies a depth-first algorithm to read the index blocks in
MINDIST order with respect to the query point. Once k points are scanned, the
distance between q and the k-farthest point encountered is marked. Refer to Figure 4.1
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Fig. 4.1. In distance browsing [41], when k = 2 and q is a query focal point of a
kNN-Select, only blocks A and C are scanned, i.e., cost = 2.
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for illustration. Assume that k = 2. Scanning the blocks starts with Block A (MINDIST
= 0). Two points, y and z, are encountered, so the distance between q and z (the
farthest) is marked and scanning the blocks continues (Block C then Block B) until
the MINDIST of a scanned blocks is greater than the distance between q and z. Thus,
the overall number of blocks to be scanned is 3.
The above algorithm is suboptimal and cannot be applied for incremental kNN
retrieval. The distance browsing algorithm of [41] achieves optimal performance and
can be applied for incremental as well as non-incremental kNN processing. The
main idea of this algorithm is that it can incrementally retrieve the nearest-neighbors
to a query point through its getNextNearest() method. Two priority queues are
maintained: (1) a priority queue for the blocks that have not been scanned yet (blocksqueue for short), and (2) a priority queue for the tuples in the already scanned blocks
that have not been returned as nearest-neighbors yet (tuples-queue for short). The
entries in the tuples-queue are prioritized based on the distance from the query point,
while the entries in the blocks-queue are prioritized based on the MINDIST from the
query point. Upon an invocation of the getNextNearest() method, the top, say t,
of the tuples-queue is returned if the distance between t and the query point is less
than the MINDIST of the top of the blocks-queue. Otherwise, the top of the blocksqueue is scanned and all its tuples are inserted into the tuples-queue (ordered based
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on the distance from the query point). To illustrate, we apply the distance browsing
algorithm to the example in Figure 4.1. Assume that k = 2. Block A is scanned first.
Points y and z are inserted into the tuples-queue. The MINDIST of Block C is less than
the distance of the top of the tuples-queue, and hence Block C is scanned and Point
x is inserted into the tuples-queue. Now, Point x is retrieved as the nearest-neighbor
followed by Point y. Observe that the algorithm avoids scanning Block B. Thus, the
overall number of scanned blocks is 2 that is less than the number of blocks to be
scanned if the algorithm in [35] is applied.
In addition to being optimal, the distance browsing algorithm is quite useful when
the number of neighbors to be retrieved, i.e., k, is not known in advance. One use case
is when a kNN-Select predicate is combined with a relational predicate within the
same query. Consider, for example, a query that retrieves the k-closest restaurants
that provide seafood. The distance browsing algorithm gets the nearest restaurant
and then examines whether it provides seafood or not. If it is not the case, the
algorithm retrieves the next nearest restaurant. This process is repeated until k
restaurants satisfying the condition (i.e., provide seafood) are found.
Being the state-of-the-art in kNN-Select processing, we model the cost of the
distance browsing algorithm in this chapter. Observe that the cost of the distance
browsing algorithm is dominated by the number of blocks that get scanned. Thus,
given a kNN-Select, the goal is to estimate the number of blocks to be scanned
without touching the data points. Observe that this goal is challenging because the
cost depends on: (1) the value of k, (2) the location of the query point, and (3) the
distribution of the data that directly aﬀects the structure of the index blocks. These
factors have direct impact on the cost. Refer to Figure 4.1 for illustration. If the
value of k is relatively large, MINDIST scanning of the blocks will continue beyond
Block C, and thus leading to a larger overall number of scanned blocks. Similarly,
if the location of q is diﬀerent, the MINDIST values will change, and thus leading
to diﬀerent block ordering during the MINDIST scan, and diﬀerent overall number of
scanned blocks. Also, if the distribution of the data is diﬀerent, the index blocks will
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have completely diﬀerent shapes and locations in space, and this will aﬀect the values
of MINDIST, and hence will aﬀect the overall number of scanned blocks.
[53–55] study the problem of estimating the cost of a kNN-Select operator for
uniformly distributed datasets. The authors of [53] further extend their techniques
to support non-uniform datasets. The main idea is to estimate the value of Dk
(Figure 4.1), i.e., the smallest radius of a circle centered at the query point and that
contains k points. Once the value of Dk is estimated, the number of blocks that
overlap with the circle whose center is the query point and whose radius is Dk is
determined. This number can be computed by scanning the blocks of the CountIndex in MINDIST order from q.
Given a non-uniform dataset, [53] assumes that the points in each block are uniformly distributed and that each block has a constant density. Histograms are maintained to estimate the density of each block in the index. To estimate the cost, [53] applies the following algorithm. The blocks of the Count-Index are scanned in MINDIST
order from q. Hence, the scanning starts from the block, say b, that is closest (according to MINDIST ) to q. Observe that if q falls within any block, the MINDIST
corresponding to that block will be zero, and hence scanning will start from that
block. Given the density of Block b, the area of a circle containing k points for that
density is computed and then the value of Dk is determined. If the circle is fully contained inside Block b, the search terminates; otherwise, further blocks are examined
and the combined density of these blocks is computed. Given the combined density,
the area of a circle containing k points is determined. This process is repeated until
the computed circle is fully contained within the bounds of the examined blocks. We
refer to this algorithm as the density-based algorithm.
Although the density-based algorithm in [53] achieves good estimation accuracy,
it incurs relatively high overhead in many cases. For instance, if the value of k is high
or if the density of the blocks around the query point is low, the algorithm will keep
extending its search region by examining further blocks until its search region contains
k points. In addition, at each iteration of the algorithm, the combined density of the
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encountered blocks is computed, which can be a costly operation. The process of
estimating the cost of a database operator has to be extremely fast. Typically, a
database query optimizer keeps a set of catalog information that summarizes the cost
estimates. Then, given a query, it performs quick lookups or simple computations
to estimate the corresponding cost. With that goal in mind, we propose a new cost
estimation technique that incurs no computational overhead at query time, but rather
requires O(1) lookups.
Several query processing techniques have been proposed in the literature for processing a kNN-Join, e.g., [6, 43, 56]. [43] represents the state-of-the-art technique in
kNN-Join processing and has proven to achieve better performance than other existing techniques. The key idea that distinguishes [43] from other existing techniques
is that in any other technique, each point in a block independently keeps track of
its k-nearest-neighbors encountered thus far with no reuse of neighbors of one point
as being neighbors of another point in its spatial proximity. In contrast, [43]’s approach identifies a region in space (termed locality) that contains all of the k-nearestneighbors of all the points in a block. Once the best possible locality is built, each
point searches only the locality to find its k-nearest-neighbors. This block-by-block
processing methodology results in high performance gains.
A naive way to estimate the cost of a kNN-Join operator using the density-based
algorithm of [53] is to treat every point from the outer relation as a query point
for a kNN-Select operator and then aggregate the cost across all the points from the
outer relation. However, this approach is costly. Furthermore, this approach does not
capture the rationale behind the block-by-block processing methodology in kNN-Join
processing as stated above. This calls for eﬃcient cost estimation techniques that can
represent the cost of the state-of-the-art techniques in kNN-Join processing.

Actual Cost = 11

Actual Cost = 6

Actual Cost = 1
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Fig. 4.2. Variability of the cost (number of blocks to be scanned) of a query point
given its position with respect to the center of the block. Assume that the dashed
circle includes exactly k points. The cost tends to increase as the query point gets
farther from the center of the block. The maximum cost is at the corners of the block
if we assume uniform distribution of the points within the block.
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Cost Estimation of kNN-Select

4.3.1

The Staircase Technique

In this section, we present the Staircase technique; a new technique for estimating
the cost (i.e., number of blocks to be scanned) of a kNN-Select σk,q (R). The main
idea of the Staircase technique is to maintain a set of catalog information that enables
quick estimation of the cost via lookups. Conceptually, the catalog should reflect the
cost of a kNN-Select for every possible query location and for every possible value
of k. Given a query point, say q, and the value of k, we can search the catalog
and determine the cost. However, maintaining a catalog that covers the domains of
these two parameters (k and the location of q) is prohibitively expensive in terms of
computation cost and storage requirements. The number of possible locations of q is
infinite and the value of k can range from 1 to the size of the underlying table.
One key insight to improve the above approach is to exploit the spatial locality of
the kNN operation to reduce the size of the catalog. We observe that the k-nearestneighbors of a query point, say q1 , are likely to be among the k-nearest-neighbors
of another query point, say q2 , if q1 and q2 are within the spatial proximity of each
other. In addition, any spatial index structure aims at grouping the points that are
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within spatial proximity in the same block. This means that the k-nearest-neighbors
of the points of the same block have high overlap, and hence the query points that
fall within the same block are likely to have similar costs. Given a query point, say q,
we can estimate the cost corresponding to q by the cost corresponding to the center
of the block in which q is located.
Although the above approach yields good estimation accuracy, it is slightly inaccurate because the cost corresponding to a query point, say q, may vary according
to the location of q with respect to the center of the block, say b, in which q is located. For a fixed value of k, the cost corresponding to q is minimum if q is near
the center of b and tends to increase as q gets far from the center until it reaches its
maximum value in the corners of b. Refer to the example in Figure 4.2 for illustration
of this observation. This observation is particularly true if we assume that within a
leaf index block, the points are uniformly distributed. Such assumption is practically
reasonable. A typical spatial index tends to split the data points (which can be nonuniformly distributed) until the points are almost balanced across the leaf blocks,
and hence points that are within the same block tend to have a uniform distribution
within that block.
Applying the above observation, we estimate the cost corresponding to a query
point, say q, by combining two values: 1) the cost corresponding to the center of the
block, Ccenter , (i.e., the minimum cost), and 2) the cost corresponding to one of the
corners, Ccorner , (i.e., the maximum cost). More precisely, the estimated cost can be
computed as:
Cost = Ccenter + ∆ ·

2L
,
Diagonal

(4.1)

where Diagonal is the length of the diagonal of the block, L is the distance between
q and the center of the block, and
∆ = Ccorner − Ccenter .
Refer to Figure 4.3 for illustration.

(4.2)
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Fig. 4.3. Cost estimation with respect to the center of a block.

Estimate = Cost (center) +𝜟 2L/Diag
Thus, we do not need to precompute the kNN cost for every possible
query loca14 / 36
tion. Instead, we precompute the cost only for the center and the corners of every
block. Although this can reduce the size of the catalog, we still need to precompute
the cost for every possible value of k, i.e., from 1 to the size of the table. This can
still be prohibitively expensive because it needs to be performed for every block in
the index.
We observe that the cost corresponding to any query point tends to be constant
for diﬀerent ranges of values of k. The reason is that the number of points in a block
is relatively large, and hence the cost (number of blocks to be scanned) tends to be
stable for a range of values of k. To illustrate this idea, consider the example in
Figure 4.1. Assume that Blocks A and B have 1000 points each. Assume further that
k1 = 500 tuples in Block A have a distance that is less than the MINDIST betweeb
Block B and the query point q. Applying the distance browsing algorithm [41] as
explained in Section 4.2, points in Block A will be inserted in the tuples-queue. The k1
points in Block A will be retrieved from the tuples-queue before Block B is scanned.
Thus, the cost (number of scanned blocks) will equal to 1 for k ∈ [1, k1 ]. For k > k1 ,
Block B will have to be scanned, and thus the cost will equal to 2. However, the cost
will remain equal to 2 for k ∈ [k1 + 1, k2 ], where k2 equals the number of points in
the tuples-queue that have distance less than the MINDIST between Block C and the
query point q.
To better illustrate the above observation, we use the OpenStreetMap dataset and
build a quadtree index on top (as detailed in Section 4.4), and then measure the cost
corresponding to a random query point. Figure 4.4 illustrates that the cost is constant
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for large intervals of k.1 The shape of the graph resembles a staircase diagram (and
hence the name Staircase for the technique). As the figure demonstrates, the cost is
constant for relatively large intervals of k. For instance, when k ∈ [1, 520], the cost
is 3 blocks, and when k ∈ [521, 675], the cost is 7 blocks. Observe that this stability
increases as the maximum block capacity increases, i.e., the intervals become larger.
We leverage the above stability property to reduce the storage size associated with
every block in the index. Instead of blindly computing the cost corresponding to the
center (and the corners) of a block for every possible value of k, we determine the
values of k at which the cost changes. We store a set of intervals and associate with
each interval the corresponding cost. We refer to this information as the catalog. The
catalog is a set of tuples of the form ([kstart , kend ], size). Refer to Figure 4.4 for
illustration.

4.3.2

Building the Catalog

The process of building a catalog, be it for the center of a block or for one of the
corners, is straightforward. Similarly to the distance browsing algorithm in [41], we
maintain two priority queues, a tuples-queue and a blocks-queue. The blocks-queue
1

A similar behaviour occurs for any query point, but with diﬀerent values.
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Procedure 4.1. Building the kNN-Select-Cost Catalog.
Terms: q: The query point to which we need to build the catalog. M AX K: The
maximum possible/maintained value of k.
1: tupleQ ← ∅; blockQ ← MINDIST scan w.r.t. q
2: cost ← 0; currentK ← 1; catalog ← ∅
3: while (currentK < M AX K) do
4:
currentBlock ← blockQ.next()
5:
cost + +
6:
tupleQ.insert(currentBlock.allP oints) ordered according to the distance from q
7:
startK ← currentK
8:
while (tupleQ.top.distance ≤ blockQ.top.MINDIST ) do
9:
tupleQ.removeT op()
10:
currentK + +
11:
end while
12:
catalog.add([startK, currentK], cost)
13: end while
14: return catalog

orders the blocks according to a MINDIST scan. In contrast, the tuples-queue orders
the points according to their distance from the query point, say q. We start with the
block in which q is located and insert all the block’s points into the tuples-queue. At
this point, the cost = 1. We keep removing points from the tuples-queue until the
MINDIST in the blocks-queue is less than the top of the tuples-queue. The number of
points, say k1 , removed so far from the tuples-queue represents the first interval in
the catalog, i.e., ([1, k1 ], 1). Then, we scan the next block in the blocks-queue, insert
all its points into the tuples-queue, and increment the cost. We repeat this process
until all the blocks are scanned or a suﬃciently large value of k is encountered.
Pseudocode of the process of building the catalog of a query point is illustrated in
Procedure 4.1.

For every block in the index, we precompute five catalogs, one for the center and
one for each corner. We merge the four catalogs corresponding to the corners into one
catalog that stores for each value of k, the maximum cost amongst the four corners.
Thus, we store only two catalogs, one for the center (center-catalog, for short), and
one that corresponds to the maximum cost at the corners (corners-catalog, for short).
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4.3.3

Cost Estimation

Given a query with a kNN-Select at Location q, the cost can be estimated as
follows. First, we identify the block that encloses q and then search in the centercatalog and the corners-catalog for the intervals to which the value of k belongs.
Observe that the above process for building a catalog yields a sorted list of ranges of
values of k, and hence binary search can be applied to find the enclosing interval and
the corresponding cost in logarithmic time w.r.t. the number of intervals. Then, the
cost is estimated using Equations 4.1 and 4.2.
Because the Staircase technique relies on precomputing the estimates, the auxiliary index that contains the statistics, e.g., counts and cost estimates, has to be a
space-partitioning index, e.g., quadtree or grid, so that the query point always falls
inside a block. Observe that the structure of the auxiliary index can be independent of the index that contains the actual data points, i.e., the data-index. If the
data-index is a space partitioning index, then the auxiliary index can have the same
exact structure as the data-index. If the data-index is a data-partitioning index, e.g.,
R-Tree, then the structure of the auxiliary index will be diﬀerent. In either case, the
query point will never be outside a block in the auxiliary index, and hence we will
always be able to estimate the cost
Because the number of blocks in the index can be large, the storage overhead
of the catalogs can be significant. We hence limit the maximum value of k that a
catalog supports to a practically large constant, e.g., k = 10, 000. This would result
in compact catalogs that can be practically maintained for each index block. In the
case when a kNN-Select query has a k value that is greater than 10, 000, we can
estimate its cost by applying the algorithm in [53] using the Count-Index. Figure 4.5
illustrates the typical flow of a kNN-Select query. Queries with k > 10, 000 (that do
not arise frequently in practice) are directed to the Count-Index. All other queries
(k ≤ 10, 000) are served through the catalogs. In Section 4.5, we show that for a real
dataset of 0.1 Billion points, the overhead to store all the catalogs is less than 4 MBs.
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Fig. 4.5. Estimating the cost of a kNN-Select.

4.4

Cost Estimation of kNN-Join
As highlighted in Section 4.2, the state-of-the-art technique [43] in kNN-Join pro-

cessing applies a block-by-block mechanism in which, for each block from the outer
relation, the locality blocks are determined from the inner relation. The locality
blocks of a block, say bo , from the outer relation represent the minimal set of blocks
in which the k-nearest-neighbors of any point ∈ bo exist. Thus, each point from the
outer relation searches only the locality of its enclosing block to find its k-nearestneighbors.
Before estimating the cost of a kNN-Join operator, we briefly explain how the
locality of a block is computed. Given a block from the outer relation, say bo , the
corresponding locality blocks in the inner relation are determined as follows. Blocks
of the inner relation are scanned in MINDIST order from bo . The sum of the count of
points in the encountered blocks is maintained. Once that sum reaches k, the highest
MAXDIST, say M , of an encountered block is marked and scanning of the blocks
continues until a block of MINDIST greater than M is encountered. The encountered
blocks represent the locality of bo . For example, consider the process of finding the
locality of Block Q in Figure 4.6 where k = 10. Blocks are scanned in MINDIST order
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Fig. 4.6. Building the kNN-locality blocks. The gray block Q is a block from the
outer relation; other blocks are from the inner relation.

from Block Q. This means that scanning starts with Block Z. Assume that Block Z
contains 700 points. Now, the sum of the count of points in the encountered blocks
(in this case, only Block Z) exceeds k. The MAXDIST between Block Q and Block
Z is marked, and scanning the blocks continues (Blocks X, Y , and T , respectively)
16
until Block L is encountered. At this point, scanning is terminated because Block L
has MINDIST from Block Q that is greater than the marked MAXDIST (between Blocks
Q and Z). Hence, the number of blocks in the locality of Block Q is 4.
A naive way to estimate the cost (i.e., the total number of scanned blocks) of a
kNN-Join is to compute the size of the locality blocks for each block in the outer
relation and sum these sizes. However, this can be expensive because the number of
blocks in the outer relation can be arbitrarily large. In the rest of this section, we
present three diﬀerent techniques that address this problem.

4.4.1

The Block-Sample Technique

Instead of computing the locality for each block of the outer relation, we pick a
random sample of these blocks, compute the locality size of each block in the sample,
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and then aggregate the total size and scale it to the total number of blocks in the
outer relation. We refer to this technique as the Block-Sample technique.
Given a set of no blocks from the outer relation, we pick a random sample of size
s. If the aggregate locality size of the s blocks is agg, then we estimate the overall
join cost as

agg×no
.
s

The sample blocks are chosen to be spatially distributed across the

space in which the blocks of the outer relation reside. To get such sample of blocks,
we do either a depth-first or breadth-first index traversal for the blocks of the outer
relation and skip blocks every

no
.
s

Although the above technique can result in high accuracy when the sample size
increases, it incurs computational overhead upon receiving a kNN-Join query. As
mentioned earlier in Section 4.2, a typical query optimizer requires fast estimation
of the cost, possibly through quick catalog-lookups. With this goal in mind, we
introduce next a catalog-based approach.

4.4.2

The Catalog-Merge Technique

The main idea of the Catalog-Merge technique is to precompute the size of the
locality of each block in the outer relation and store it in a catalog. Given a kNN-Join
query, we can simply aggregate the precomputed values in the catalogs of the blocks
of the outer relation. However, the size of the locality depends on the value of k, so
we need to precompute it for every possible value of k, which can be prohibitively
expensive.
Similarly to the case of a kNN-Select, we observe that the size of the locality
of a given block tends to be constant (stable) for relatively large intervals of k. To
illustrate, consider the example in Figure 4.6. Assume that Block Z has 700 points.
If k has any value between 1 and 700, exactly the same set of blocks will represent the
locality of Block Z, i.e., the size of the locality will be the same. To better illustrate
this observation, we use the OpenStreetMap dataset and build a quadtree index on
top (as detailed in Section 4.4), and then measure the locality size of a randomly
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two rounds of MINDIST scan of the Count-Index. These MINDIST scan rounds can
1

be achieved using two priority queues in which the blocks of the Count-Index are
ordered according to their MINDIST from the block we need to build the catalog
for. The two MINDIST scan rounds are interleaved. One scan explores the blocks that
should contain at least C points. We refer to this scan as Count-Scan. The other scan
explores the blocks that have MINDIST ≤ the highest MAXDIST value of the explored
2

A similar behaviour occurs for any block, but with diﬀerent values.
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blocks so far from Count-Scan. We refer to this queue as Max-Scan. We maintain a
counter, say C. Whenever a block from Count-Scan is retrieved, its MAXDIST, say M ,
is marked and the value of C is incremented by the number of points in the retrieved
block. Then, blocks from Max-Scan are scanned until the MINDIST is greater than
the highest value encountered for M . At this point, a new entry is created in the
catalog by aggregating the number of blocks retrieved from Max-Scan thus far. This
process is repeated until C reaches the maximum value of k or all the blocks of the
inner relation are consumed by Count-Scan.. Pseudocode for the process is given in
Procedure 4.2. Refer to Figure 4.6 for illustration, where we compute the catalog
of Block Q. We start with C = 1. In Count-Scan, we explore Block Z, update
C to be 700, and mark the highest MAXDIST encountered. Then, in Max-Scan, we
explore Blocks X, Y , and T because their MINDIST is less than the largest MAXDIST
encountered. At this moment, we create a catalog entry ([1, 700], 4) that represents
the start and end values of C with the cost of four blocks (namely, Z, X, Y and T ).
Afterwards, we continue Count-Scan to explore Block X. Assuming that Block X has
500 points, we update C to be 700 + 500 = 1200 and also mark the MAXDIST between
Blocks X and Q. Then, in Max-Scan, we explore Block L because its MINDIST is less
than the highest MAXDIST marked thus far. Now, the cost is incremented by 1 due
to Block L. We create a new catalog entry ([701, 1200], 5).
Observe that the above approach is cheap because it relies only on counting (using
the Count-Index) with no scan of the data. Assume that for a given block from the
outer relation, the number of blocks in its locality is L. The above approach visits
each of the L blocks at most twice, i.e., the running time is O(L) per block.
Note that, by definition, the locality conservatively includes all the blocks needed
for the kNN search (see [43] for details), i.e., the locality contains the k-nearestneighbors for every point in the outer block, say Q. Although it is true that for some
k1 > k all the nearest-neighbors of some points in Q may exist in already scanned
blocks (by Count-Scan), there will be some points, e.g., near the corners of Q, that
might have some of their k-nearest-neighbors in unscanned blocks. Hence, in our
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Procedure 4.2. Building the locality-catalog of a block.
Terms: Q: The block to which we need to build the catalog. M AX K: The maximum
possible/maintained value of k.
1: CountScan ← MINDIST Scan from Q
2: cBlock ← CountScan.next()
3: M axScan ← MINDIST Scan from Q
4: mBlock ← M axScan.next()
5: C ← 1; aggCost ← 0;
6: Catalog ← ∅; highestM axDist ← 0
7: while (C < M AX K) do
8:
startK ← C
9:
while (cBlock.MAXDIST ≤ highestM axDist) do
10:
C+ = cBlock.count
11:
cBlock ← CountScan.next()
12:
end while
13:
highestM axDist ← cBlock.MAXDIST from Q
14:
endK ← C
15:
while (mBlock.MINDIST ≤ highestM axDist) do
16:
aggcost + +
17:
mBlock ← M axScan.next()
18:
end while
19:
Catalog.add([startK, endK], aggCost)
20: end while
21: return Catalog

approach, we jump into new ranges of k (and new corresponding cost) whenever a
block is retrieved through Count-Scan.
Observe that if a block retrieved from Count-Scan has MAXDIST that is less than
or equal to the highest MAXDIST encountered thus far, it will not lead to any scan
in Max-Scan, and hence will lead to a repeated cost in the next entry of the catalog.
For instance, in Figure 4.6, if the MAXDIST between Blocks Q and Z is greater than
the MAXDIST between Block Q and Block X (the next in Count-Scan), then the next
new entry in the catalog will be ([701, . . .], 4), i.e., will have the same cost. To get
rid of these redundant entries in the catalog, we continue Count-Scan until the value
of the highest encountered MAXDIST changes.

Exact Estimation
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Block 3

2
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6

…
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Fig. 4.8. Flow of the Catalog-Merge process.
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4.4.2.1

Preprocessing

For each block in the outer relation of the kNN-Join, we compute a temporary
catalog that is similar to the one in Figure 4.7(b). If the number of blocks in the
outer relation is no , then this process requires O(no · L), where L is the average size
of the locality of a block. This can be costly if no is large. To solve this problem, we
take a spatially distributed random sample of the blocks of the outer relation. We
compute a temporary catalog only for the sample blocks and not for each block in the
outer relation. Afterwards, we merge all the temporary catalogs, and produce a single
catalog that contains the aggregate cost of all the temporary catalogs. Each entry in
the final catalog has the form ([kstart , kend ], size), where size is the estimated join
cost when kstart ≤ k ≤ kend .
Because each temporary catalog is sorted with respect to the ranges of values of
k, we apply a plane sweep over the ranges of values of k and aggregate the cost.
To illustrate, consider the example in Figure 4.8. k1 is the smallest value of k in
the catalog entries. This means that the aggregate cost for the interval [1, k1 ] is
2 + 5 + 6 + 4 = 17. k2 is the next smallest value of k, and hence another interval
[k1 , k2 ] with aggregate cost = 17 − 5 + 13 = 25 is created in the output catalog.
Similarly, for interval [k2 , k3 ], the aggregate cost = 25 − 4 + 8 = 29 and for interval
[k3 , · · · ], the aggregate cost = 29 − 6 + 9 = 32. A min-heap is used to eﬃciently
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determine the next smallest value across all the temporary catalogs in the plane sweep
process.
To reduce the size of the catalog, we limit the maintained values of k to some
practically large constant, e.g., 10,000. In Section 4.5, we show that for a real dataset
of 0.1 Billion points, the size of the catalog is about 1 MB.

4.4.2.2

Cost Estimation

Observe that the resulting kNN-Join catalog is sorted w.r.t. the values of k. Given
a kNN-Join query, we can lookup the estimate cost using a binary search to find the
catalog entry corresponding to the given k value.
Although the process of building the catalog is performed once, it can be costly if
the number of tables in the database schema is large, say n. The kNN-Join catalog
information is required for every possible pair of tables in the database schema, and
! "
hence 2 × n2 catalogs need to be built (because the kNN-Join is asymmetric). Al-

though sampling can speed up the merging process of the temporary catalogs, it is still
! "
expensive to compute 2 × n2 , i.e., a quadratic number of catalogs across the database
tables. To address this issue, we introduce our third cost estimation technique that
requires only a linear number of catalogs.

4.4.3

The Virtual-Grid Technique

Similarly to the Catalog-Merge technique, in the Virtual-Grid technique, we maintain a set of catalog information that is built only once before executing any queries.
The key idea is to estimate the cost corresponding to a dataset, say D, when D is the
inner relation of a kNN-Join. Given the n relations in the database schema, where
each can potentially be an outer relation in a kNN-Join with D, instead of computing
n catalogs corresponding to D, we compute only one catalog that corresponds to the
join cost between a virtual index and D.
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Fig. 4.9. The Virtual-Grid technique for estimating the cost estimation of a kNN-Join.

4.4.3.1

Preprocessing

Refer to Figure 4.9 for illustration. Given the index of a dataset (e.g., the red
quadtree decomposition in the figure), we assume the existence of a virtual grid that
covers the whole space.3 For each block (grid cell) in the virtual-grid, we compute a
catalog that is similar to the one in Figure 4.7(b) with the diﬀerence that the locality
is computed with respect to the given index. We associate all these virtual-grid
catalogs with the given index (e.g., the quadtree). We repeat this process for each
relation in the database schema, i.e., associate with every index a virtual-grid-cost.
Observe that unlike the Catalog-Merge approach, this requires linear storage (and
preprocessing time) overhead.

4.4.3.2

Cost Estimation

Given a kNN-Join query, we retrieve the virtual-grid corresponding to the inner
relation. Then, we estimate the cost by scaling the cost corresponding to the part of
the virtual-grid that overlaps with the outer relation. In particular, for each grid cell,
say C, in the virtual-grid, we retrieve the locality size, say L, stored in C’s catalog.
Then, we select the blocks in the outer relation that overlap with C. This can be
3

This can be achieved for real datasets where the bounds of the earth are fixed.
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performed using a range query on the outer relation. For each of the overlapping
blocks, say O, in the outer relation, we multiply L by the ratio between the diagonal
length of Block O and the diagonal length of Block C. We sum these products across
all the cells of the virtual-grid. The overall sum represents the join cost estimate.
Assuming that the number of blocks in the outer relation is no , the estimation
process is O(no ). The reason is that eventually, all the blocks of the outer relation get
selected (through the range query performed at each grid cell). In other words, regardless of the grid size, all the blocks will be selected and the corresponding products
have to be aggregated. In Section 4.5, we study the estimation time for diﬀerent grid
sizes while fixing the size of the outer relation and demonstrate that the estimation
time is almost constant for diﬀerent grid sizes.

4.5

Experimental Evaluation
In this section, we evaluate the performance of the proposed estimation tech-

niques. We realize a testbed in which we implement the state-of-the-art techniques
for estimating the cost of a kNN-Select (i.e., [53]) as well as our proposed estimation techniques. To have a ground truth for the actual cost of the kNN operators,
we implement the Distance Browsing algorithm for the kNN-Select as well as the
locality-based algorithm for the kNN-Join. Our implementation is based on a regionquadtree index [57], where each node in the quadtree represents a region of space
that is recursively decomposed into four equal quadrants, or subquadrants, with each
leaf node containing points that correspond to a specific subregion. The maximum
block capacity in the quadtrees used in our experiments is set to 10,000 points. All
implementations are in Java. Experiments are conducted on a machine running Mac
OS X on Intel Core i7 CPU at 2.3 GHz and 8 GB of main memory.
We use a real spatial dataset from OpenStreetMap [26]. The number of data
points in the dataset is 0.1 Billion points. Figure 4.10 displays a sample of the data
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Fig. 4.10. A sample of OpenStreetMap GPS data and the corresponding regionquadtree decomposition overlaid on top.

that we plot through a visualizer that we have built as part of our testbed. The figure
also displays a region-quadtree decomposition that is built on top of the data.
To test the performance of our techniques at diﬀerent data scales, we insert portions of the dataset into the index at multiple ratios. For instance, for scale = 1, we
insert 10 Million points, for scale = 2, we insert 20 Million points, and so on until
scale = 10 in which all the 0.1 Billion points are inserted. Our performance metrics
are the estimation accuracy (i.e., error ratio), the estimation time, the preprocessing
time, and the storage overhead. We limit the maximum maintained value of k in all
the catalogs to 10,000.

4.5.1

Cost Estimation of kNN-Select

In this section, we present the performance of the Staircase technique in estimating
the cost of a kNN-Select and compare it with the density-based technique of [53].
We evaluate two variants of the Staircase technique, 1) Center-Only, where the cost
corresponding to a query point, say q, is estimated as the cost corresponding to the
center in which q is located, and 2) Center+Corners, where the cost is estimated
using Equations 4.1 and 4.2.
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Fig. 4.11. Performance of the Staircase technique.

4.5.1.1

Estimation Accuracy

In this experiment, we measure the average error ratio in estimating the cost of
100,000 queries that are chosen at random. For each query, we compute the actual
cost, compare it with the estimated cost, and measure the error ratio. We compute
the average error ratio of all the queries.
Figure 4.11(a) illustrates that the Staircase technique achieves a smaller error
ratio than that of the density-based technique. The error ratio reaches less than 20%
when the cost is estimated using the Center+Corners variant.

4.5.1.2

Estimation Time

In this experiment, we measure the time each estimation technique requires to
estimate the cost of a query. Figure 4.11(b) illustrates that the Staircase technique
is almost two orders of magnitudes faster than the density-based technique. Observe
that the Center+Corners variant of the Staircase technique is slightly slower than
the Center-Only variant because the former requires two catalog lookups, one from
the center-catalog and the other from the corners-catalog. Also, observe that the
estimation time of the density-based technique increases as the value of k increases.
The reason is that the density-based technique keeps scanning the index blocks until
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Fig. 4.12. The preprocessing overhead of the Staircase technique.

the encountered blocks are estimated to contain k points. In contrast, the estimation
time of the Staircase technique is constant regardless of the value of k because the
Staircase technique relies on just a single catalog lookup (two lookups in case of the
Center+Corners variant).

4.5.1.3

Storage Overhead and Preprocessing Time

In this experiment, we measure the storage requirement and preprocessing time
of each estimation technique. Observe that the density-based technique has no preprocessing time requirements because it precomputes no catalogs.
Figure 4.12(a) illustrates that the Staircase technique incurs relatively high preprocessing overhead to precompute the catalogs of all the index blocks. Observe that
as the scale factor increases, the preprocessing time increases because more blocks
will need to be processed. Also, observe that the Center-Only variant incurs less preprocessing overhead than the Center+Corners variant because the former computes
only one catalog per block while the latter computes five catalogs and merges four of
them. Notice that this preprocessing phase is an oﬄine process that does not aﬀect
the performance of the online cost estimation process.
Figure 4.12(b) illustrates that density-based technique consumes little storage
overhead, basically, due to the density values maintained at each block in the index.
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In contrast, the Staircase technique has higher storage overhead due to the maintained
catalogs. Observe that as the scale factor increases, the storage overhead increases
because more blocks will be present in the index and each of them will have a separate
catalog. However, the storage requirements of the Staircase technique are less than 4
MBs even for the largest scale factor. Also, observe that the Center-Only variant of
the Staircase technique incurs less storage overhead than the Center+Corners variant
because the former maintains only one catalog per block while the latter maintains
two catalogs.

4.5.2

Cost Estimation of kNN-Join

In this section, we study the performance of the proposed techniques for estimating the kNN-Join cost, namely the Block-Sample, Catalog-Merge, and Virtual-Grid
techniques.

4.5.2.1

Estimation Accuracy

In this experiment, we estimate the cost of a kNN-Join between two indexes of
0.1 Billion points each for a random value of k, compare it with the actual cost,
and then calculate the error ratio. We repeat this process for various sampling sizes
for both the Block-Sample and Catalog-Merge techniques, and for various grid sizes
for the Virtual-Grid technique. Figure 4.13(a) illustrates that the Block-Sample and
Catalog-Merge techniques can reach an error ratio that is less than 5% for a sample
size > 400. Figure 4.13(b) illustrates that the Virtual-Grid technique achieves less
than 20% error ratio.

4.5.2.2

Estimation Time

In this experiment, we measure the time required to estimate the cost of a kNNJoin between two indexes of 0.1 Billion points each. Figure 4.14 gives the performance
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Fig. 4.13. The accuracy of the techniques for estimating the kNN-Join cost.
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Fig. 4.14. Performance of the kNN-Join techniques.
20x20

0.171106626

0.828893374
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is 10 × 10. As the figure demonstrates, the Catalog-Merge technique is more than
four orders of magnitude faster than the Block-Sample and Virtual-Grid techniques.
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maintains one catalog for every pair of relations (indexes) in which the estimate cost
is maintained; the cost is directly retrieved from the catalog via one lookup. In
contrast, the Block-Sample technique computes the locality for a sample of blocks,
which is costly. Also, the Virtual-Grid technique aggregates the cost across each of
the grid cells after computing the overlap with the outer relation, which is costly as
well.
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Fig. 4.15. The performance of the techniques for estimating the kNN-Join cost.

Figure 4.15(a) gives the performance of the Block-Sample and Catalog-Merge
techniques for diﬀerent sample sizes. Observe that the estimation time of the Blocksample size
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time of the Catalog-Merge technique is constant irrespective of the sample size because
estimation is performed through one lookup through a precomputed catalog, i.e., the
sample size only aﬀects the preprocessing time as we show next.
Figure 4.15(b) gives the performance of the Virtual-Grid technique for diﬀerent
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grid sizes. As the figure demonstrates, the estimation time is almost constant re1.54E-07
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gardless of the grid size. As highlighted in Section 4.4, the reason is that the time
required for estimation depends on the number of blocks in the outer relation, not on
the number of cells in the grid. For each grid cell, the overlapping blocks from the
outer relation have to be retrieved regardless of the size of the grid.

4.5.2.3

Storage Overhead and Preprocessing Time

In this experiment, we measure the storage and preprocessing time requirements
for maintaining a set of catalogs for the estimation of kNN-Join queries between 10
indexes that we create. We test the performance at diﬀerent scale factors, i.e., create
10 diﬀerent indexes for each scale factor. For instance, if the scale factor is 5, this
means that we create 10 indexes and insert 50 Million points into each of them.
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In Figure 4.16, we fix the grid size in the Virtual-Grid technique to 10×10 and the
sample size for the Catalog-Merge technique to 1000. Figure 4.16(a) demonstrates
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(about two seconds) regardless of the scale factor. The reason is that the preprocessing
time depends only on the number of grid cells; for each grid cell, a catalog is computed.
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Figure 4.16(b) demonstrates that the Virtual-Grid technique requires almost an
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order of magnitude less storage than the Catalog-Merge techniques. The reason is
that the Catalog-Merge technique maintains a catalog for every pair of indexes, i.e,
! "
2 × 10
= 90 catalogs. In contrast, the Virtual-Grid technique maintains a catalog
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for every index, i.e., only 10 catalogs.
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Fig. 4.17. The preprocessing time of the techniques for estimating the kNN-Join cost.
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Fig. 4.18. The storage overhead of the techniques for estimating the kNN-Join cost.

In Figures 4.16 and 4.18, we fix the scale factor to 10.
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As Figures 4.17(a)

and 4.18(a) demonstrate, the Catalog-Merge technique requires preprocessing time
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Similarly, Figures 4.17(b) and 4.18(b) demonstrate that the Virtual-Grid technique
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requires more preprocessing time and storage overhead as the grid size increases because it maintains a catalog for every grid cell.
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In this chapter, we studied the problem of estimating the cost of the kNN-Select
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and kNN-Join operators. Table 4.1 summarizes the performance tradeoﬀs of the estimation techniques we presented. Experimental results using real spatial datasets
from OpenStreetMap demonstrate that: 1) the Staircase technique for estimating
the cost of a kNN-Select is faster than the state-of-the-art technique [53] by more
than two orders of magnitude and has better estimation accuracy; 2) the CatalogMerge and Virtual-Grid techniques for estimating the cost of a kNN-Join achieve less
than 5% and 20% error ratio, respectively, while keeping the estimation time below
one microsecond and one millisecond, respectively; and 3) the Virtual-Grid technique
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Summary
Table
4.1. Summary of the performance tradeoﬀs of the cost estimation techniques
for kNN operators.

k-NN-Select
Cost
Estimation

k-NN-Join
Cost
Estimation

Estimation
Time

Estimation
Accuracy

Storage
Overhead

Preprocessing
Time

Density-Based [53]

Medium

Medium

None

None

Staircase (Center-Only)

Low

Medium

Low

Medium

Staircase (Center+Corners)

Low

High

Low

High

Block-Sample

High

High

None

None

Catalog-Merge

Low

High

Medium

Medium

Virtual-Grid

Medium

Medium

Low

Low

reduces the storage required to maintain the catalogs by an order of magnitude compared to the Catalog-Merge technique.
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5. SPATIAL QUERIES WITH KNN AND RELATIONAL
PREDICATES
This chapter studies the class of queries that combine kNN and relational predicates.
Because the kNN is a ranking operation, applying a kNN operator before or after the
relational predicates in a QEP can produce diﬀerent query results, leading to diﬀerent
query semantics. In particular, this renders classical relational query optimization
heuristics, e.g., pushing selects below joins, inapplicable to such class of queries.
This chapter presents various query optimization heuristics for queries that involve
combinations of kNN-Select/Join predicates and relational predicates.
The rest of this chapter proceeds as follows. Section 5.1 introduces the problem
with some motivating examples. Section 5.2 discusses the related work. Sections 5.3
and 5.4 study the optimization of queries with relational predicates along with a kNNSelect or a kNN-Join, respectively. Section 5.6 experimentally evaluates the proposed
optimizations. Section 5.7 concludes the chapter.

5.1

Introduction
This chapter studies the class of queries that combine spatial kNN predicates

with relational predicates. Such queries arise frequently in practice. Examples of
such queries include: (i) Find a restaurant that is close to my location (kNN-Select
predicate) and is within my budget (relational select); (ii) Find (hotel, restaurant)
pairs that are close to each other (kNN-Join predicate) such that the hotel is a 5star hotel (relational select), or that the restaurant oﬀers vegetarian food (relational
select), or that the hotel is one of my preferred ones (relational join with my-preferred
hotels table).
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Queries that involve both kNN and relational predicates raise important challenges. To illustrate, consider the following example for two queries that involve
kNN-Join and relational predicates. Assume that we have a Restaurant Table, say
R, and an Hotel Table, say H, with the schemas: (id, location, seafood) and (id,
location), respectively. Attribute R.seafood is Boolean and takes the value True if

the restaurant provides seafood, and False otherwise. The k-NN-Join operates on
Attributes R.location and H.location that represent the locations of the tuples in
the two-dimensional space.
Example 5.1
(a) For each hotel, find the restaurants that provide seafood and are amongst the
hotel’s k-closest restaurants.
(b) For each hotel, find the k-closest restaurants from those that provide seafood.
Figure 5.1 gives the QEPs, relational algebraic expressions, and the output corresponding to the two queries of Example 5.1 for k = 4. The triangles denoted by
h1 and h2 represent the locations of the tuples in the Hotel Table, and the circles
represent the locations of the tuples in the Restaurant Table, denoted by r1 through
r9 . For each Restaurant tuple, the value of the Boolean attribute R.seafood is indicated inside the corresponding circle (An ‘X’ indicates that seafood=False while a
checkmark indicates that seafood=True ). As the figure demonstrates, the two QEPs
produce diﬀerent outputs.
Although the above queries seem similar, they have diﬀerent semantics. In the
expression: (σB (A ✶kN N B)), conceptually, the kNN-Join should be performed before
filtering any restaurants. In contrast, in the expression: (H ✶kN N σ(R)), conceptually, the kNN-Join should be applied after all the non-seafood restaurants are filtered
out. Nowadays spatial query processors do not disambiguate these semantics. We
refer to the semantics of the former expression as Pre-Filter and the semantics of the
latter expression as Post-Filter. Similar semantics arise for queries with kNN-Select
and relational predicates.

For each hotel, find the restaurants
that provide seafood and are
amongst its k-closest.

r5
r1

⋈

r9

R

r2

r3

h2

r4

k=4

h1

kNN

H

(H ⋈kNN 𝜎 (seafood= )(R)

(H ⋈kNN R) ∩ 𝜎 (seafood= )(R)

𝜎seafood=
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Query-Level Join

Predicate-Level Join

r6

r8
r7

(a) A query with a Pre-Filter kNN-Join.
The output pairs are: (h1, r2), (h1, r5),
(h1, r8), (h2, r2), and (h2, r4).

For each hotel, find the k-closest
restaurants from those that provide
seafood.

⋈

r5

kNN

H

𝜎seafood=

r1

R

r3

h2

r4

k=4

h1

r9

r2

r6

r8
r7

(b)
!3 / 23A query with a Post-Filter kNN-Join. The
output pairs are: (h1, r1), (h1, r2), (h1, r5),
(h1, r8), (h2, r2), (h2, r4), and (h2, r5),
(h2, r8).

Fig. 5.1. The Pre-Filter and Post-Filter semantics for queries with kNN-Join and
relational predicates.

It is up to the user to choose the proper semantics for the query. While in the above
example it might be more intuitive that the user requires the Post-Filter semantics
(i.e., retrieve exactly k restaurants for each hotel regardless of the closeness between
the hotel and the restaurants), in some other scenarios, the closeness of an entity can
have high significance on the intended semantics of the query. To illustrate, consider
the following example:
Example 5.2
For each school, we need to make sure that the nearest hospital has an urgent care
unit. Assume that we want to find the schools that do not satisfy this condition, i.e.,
schools with the nearest hospital not having an urgent care unit.
A possible solution to the above query is to select for each school the nearest
hospital, i.e., a kNN-Join (k = 1), and then apply a relational predicate (has urgent
care = False) to each resulting pair. Finally, the list of intended schools is retrieved.
Observe that if the relational predicate is applied first before the kNN-Join, during
the evaluation of the kNN-Join, every school will be joined with a hospital that does
not have an urgent care. In this case, the final result will be all the schools, which
is clearly not the correct query answer because some schools may have a neighboring
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hospital that does have an urgent care unit. These schools were filtered out (too
early) by the relational predicate.
In addition to the challenge of disambiguating the semantics of queries with kNN
and relational predicates, a performance challenge emerges. Assume that a user
intends to apply the Pre-Filter semantics for the query in Figure 5.1(a). Similarly to
relational joins, the kNN-Join is a relatively costly operation. A well-known heuristic
for optimizing a join is to push the select(s) below the join in the QEP (e.g., see [14]).
However, if we apply such heuristic to the QEP of Figure 5.1(a), it will lead to
the Post-Filter semantics. The lack of such optimization calls for new optimization
techniques that can still leverage the pruning eﬀect of selection without compromising
the correctness of evaluation according to the intended semantics.
In addition to the above case of interaction between kNN-Join and relational predicates, we study the cases of interaction between kNN-Select and relational predicates.
For each case, we identify the possible semantics, and present optimization techniques
that can enhance the query performance while preserving the semantics. To arbitrate
between the possible optimization alternatives and the possible QEPs for each query,
we utilize our techniques in Chapter 4 to estimate the cost of the kNN predicates and
decide the cheapest QEPs to execute.
The contributions of this chapter are summarized as follows:
• We identify the various semantics for queries with kNN and relational predicates.
• We present various optimization heuristics for queries with kNN-Select/Join and
relational predicates that can enhance the query performance while preserving
the semantics (Sections 5.3 and 5.4).
• We extend the cost model presented in Chapter 4 to show how a query optimizer
can arbitrate between the various QEPs that queries with kNN and relational
predicates can have (Section 5.5).
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• We conduct extensive experiments using queries from the TPC-H benchmark [25] and real spatial datasets from OpenStreetMap [26]. The experimental results demonstrate that the optimization heuristics coupled with the cost
model can achieve a query performance gain of up to three orders of magnitude
(Section 5.6).

5.2

Related Work
A large body of research has tackled location-based queries. We categorize the

related work that is in line with the scope of this chapter into three main classes:
(1) processing single-operator spatial queries, (2) processing queries that involve spatial and non-spatial operators, and (3) estimating the cost and the selectivity of spatial
operators.
In the first class, several research eﬀorts have targeted the eﬃcient processing
of queries with single spatial or spatio-temporal operators, e.g., k-nearest-neighbor,
reverse nearest-neighbor, aggregate nearest-neighbor, range, and spatial-join operators (e.g., see [35, 58–62]). However, queries in this class are purely spatial with no
relational predicates.
In the second class, two lines of research have been pursued:
1. Processing spatial queries with relational operators: Secondo and the BerlinMOD benchmark [39, 63] study the processing of queries that involve combinations of spatial range predicates and relational predicates. However, they
address neither the optimization of these queries nor the processing of queries
that combine kNN and relational predicates. [64] studies the processing of the
spatial kNN-Select/Join predicates inside a relational database, but does not
address the optimization of such predicates when combined with relational predicates in the same query.
2. Spatial keyword queries: [9] surveys the state-of-the-art for geo-textual indices
that address spatial keyword queries. Usually, these indices have two compo-
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nents: (i) a spatial index, e.g., an R-tree and (ii) a text index, e.g., an inverted
file. Some indices loosely combine these two components while others integrate
them tightly resulting in hybrid indices, e.g., the IR-Tree [10–12]. Although
useful, these indices are optimized only for spatio-textual search and cannot be
directly used for general predicates on relational attributes, e.g., hotel price and
customer rating of a restaurant, etc.
In the third class, several research eﬀorts (e.g., see [44–52]) tackled the estimation
of the selectivity and cost of the spatial join and range operators. [28, 53] study the
cost of the kNN predicates. In this chapter, we extend the cost model presented
in Chapter 4 to optimize the execution of queries that combine kNN and relational
predicates.

5.3

kNN-Select with Relational Predicates
As discussed in Section 5.1, depending on the order of evaluating a kNN-Join in

a QEP, a query with a kNN-Join and relational predicates can have two semantics,
namely, the Post-Filter and Pre-Filter semantics. Similarly, queries with kNN-Select
and relational predicates have the same two semantics. To illustrate, consider the
following example. We use the same schema as in Example 5.1.
Example 5.3
(a) From the k-closest restaurants to my location q, find the restaurants that provide
seafood.
(a) From the restaurants that provide seafood, find the k-closest to my location q.
Figure 5.2 gives the QEPs, relational algebraic expressions, and the output corresponding to the two queries of Example 5.3 for k = 4. We use the same notations
as in Figure 5.1. As the figure illustrates, the two queries produce diﬀerent results,
and hence they have diﬀerent semantics. We refer to the semantics of the query
in Example 5.3(a) as Pre-Filter, and the those of the query in Example 5.3(b) as
Post-Filter.
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Query-Level Select

Predicate-Level Select

𝜎(seafood= )(𝜎(k, q)(R))

𝜎seafood=
𝜎(f, kNN)
R

𝜎(k, q)(𝜎(seafood= )(R))

From the 4 closest restaurants to f,
find those that provide seafood.

r2

r5

r3
r4

r1
q
r9

r6

k=4
r8

r7

(a) A query with a Pre-Filter kNN-Select.
The output is: r2 and r8 .

𝜎(f, kNN)

𝜎seafood=
R

From the restaurants that provide
seafood, find the closest 4 to f.

r2

r5

r3
r4

r1
q
r9

r6

k=4
r8

r7

(b) A query with a Post-Filter kNNSelect.
The output is: r1 , r2 , r5 , and r8 .
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Fig. 5.2. The Pre-Filter and Post-Filter semantics for queries with kNN-Select and
relational predicates.

As mentioned in Section 5.1, it is up to the user to choose which semantics to
apply. In the rest of this section, we study alternative query optimization heuristics
that can enhance the execution of the above queries while preserving their semantics.

5.3.1

Pre-Filter kNN-Select

Given an input Relation, say Rs , a query with a Pre-Filter kNN-Select retrieves
the tuples that qualify a set of relational predicates from among the tuples that are
k-closest to a certain query-point, say q. The relational predicates can arbitrarily
involve selects, joins, or group-by’s on Rs as well as other relations, say R1 through
Rn . Based on the semantics of the query, tuples from Rs that are amongst the
nearest-neighbors say q are the only tuples that should contribute to the result of the
query. Intuitively, to process such query, the kNN-Select should be performed early
in the QEP, and then the relational predicates should be applied afterwards. Refer
to QEP(a) in Figure 5.3 for illustration.
Because the cost of the kNN-Select depends on many parameters, e.g., the value
of k and the location of q, performing the kNN-Select early in the QEP may be costly
and can lead to suboptimal overall query performance. This is especially true when
the selectivity of the relational predicates is high. In such case, applying the relational
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Fig. 5.3. Diﬀerent QEPs for queries with Pre-Filter kNN-Select.

q

t1
t2

Fig. 5.4. The k-in-circle optimization

predicates first and selecting the tuples that belong to the kNN may result in better
performance. An interesting problem is how to select the nearest-neighbors after
applying the relational predicates knowing that if a regular kNN-Select predicate is
applied, it will lead to the Post-Filter kNN semantics. To address this problem, we
introduce the k-in-circle optimization heuristic. For each tuple, say t, that qualifies
the relational predicates, we count the number of points that are included inside the
circle centered at t and whose radius equals the distance between q and t. If the
number of points in the circle is ≥ k, we determine that t does not belong to the
answer of the query, and vice versa. Refer to Figure 5.4 for illustration. Assume
that points t1 and t2 qualify the relational predicates. When k = 4, t1 belongs to the
nearest-neighbors of q because the corresponding circle encloses 2 points; in contrast,
t2 is ignored because the corresponding circle encloses 4 points.
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Notice that the counting process is robust. Since we store the count of points in
each block of the index, when a block is completely included within the circle, the
count of points in that block is simply added to the total count without examining
any of the points in that block. Similarly, when a block is completely outside the
circle, that block is pruned.
To further enhance the k-in-circle optimization, instead of performing the counting
for every tuple that qualifies the relational predicates, we apply the counting only for
the k-closest to the query location. These k-closest tuples can be eﬃciently computed
using a priority queue. Afterwards, we scan these k-closest tuples in decreasing order
of their distance from the query point (by successive retrievals of the top element in
the priority queue). Given the top element in the priority queue, we do the counting
process and if the corresponding count is ≥ k, we ignore that tuple and get the next
tuple from the priority queue. If the count is < k, we determine that this tuple and
all the remaining tuples in the priority queue belong to the answer of the query. For
instance, in Figure 5.4, if both t1 and t2 qualify the relational predicates and k = 5,
t2 is scanned first because it is is farther to q than t1 . Since the circle corresponding
to t2 encloses 4 points, we conclude that t2 belongs to the answer and consequently
t1 does.
As we show in Section 5.5, depending on the cost of the relational predicates as
well as the cost of the kNN-Select, we arbitrate between QEP(a), QEP(b).

5.3.2

Post-Filter kNN-Select

Given an input Relation, say Rs , a query with a Post-Filter kNN-Select retrieves
the k-closest tuples to a certain query-point, say q, from the tuples that qualify a
set of relational predicates. The relational predicates can arbitrarily involve selects,
joins, or group-by’s on Rs as well as other relations, say R1 through Rn .
According to the semantics of this query, pushing the kNN-Select below the relational predicates in the QEP produces incorrect results because it leads to the Pre-

Post-Filter
Post-Filter
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Filter semantics. Conceptually, the relational predicates should be evaluated first.

Afterwards, tuples that qualify these predicates are processed to find the k-closest to
the q. Refer to QEP(a) of Figure 5.5 for illustration.
Observe that the kNN-Select operator in QEP(a) operates with no index information because the tuples that qualify the relational predicates are computed as part
of the evaluation of the query, and hence have no corresponding index. Furthermore,
when the selectivity of the relational predicates is low, i.e., when many tuples qualify
the relational predicates, QEP(a) can be costly. The reason is that in this case, the
relational predicates are applied to all the tuples and many tuples of these tuples will
be compared according to their closeness to q, however, in the end, only k of these
tuples comprise the answer to the query. Thus, although QEP(a) is legitimate, it can
have bad performance. One important observation is that the k tuples that comprise
the answer of the query are likely to be located around or within the locality of q.
Hence, when the value of k is relatively small, applying the relational predicates to
tuples that are far from the query-point is redundant and can be avoided without
aﬀecting the correctness of evaluation of the query.
To address this issue, [41] presents the Distance-Browsing approach for processing
kNN-Select. The main idea of this approach is that it can progressively retrieve
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the next nearest-neighbor of a query point through its getNextNearest() method.
The Distance-Browsing approach is incremental; every time the getNextNearest()
method is invoked, it does not redo the search from scratch. Instead, an internal state
is kept to enable the eﬃcient retrieval of the next nearest point without re-scanning
the data points.
To process a query with a Post-Filter kNN-Select, one can apply QEP(b) of Figure 5.5. Each time the getNextNearest() of the kNN-Select operator is invoked, the
next nearest tuple is returned, and then the relational predicates are applied to that
tuple. Once k tuples qualify the relational predicates, the execution terminates (see
the ‘Stop After k’ operator at the root of the QEP). In Section 5.5, we show how to
choose between QEP(a) and QEP(b).
Although the Distance-Browsing approach is good for queries with Post-Filter
kNN-Select, it is ineﬃcient when applied to queries with Post-Filter kNN-Joins because it operates on a tuple-by-tuple basis while processing a kNN-Join is more eﬃcient when applied on a block-by-block basis. In Section 5.4.2, we present a blockby-block approach for processing Post-Filter kNN-Joins.

5.4

kNN-Join with Relational Predicates
In this section, we study the various cases for interleaving a kNN-Join with rela-

tional predicates. [13] studies the conceptual evaluation of queries that involve similarity predicates [36], e.g., similarity joins including ϵ-join and kNN-joins [38]. [13]
provides equivalence transformation rules that guarantee the correctness of evaluation
for such queries. According to [13],
σA (A ✶kN N B) ≡ σ(A) ✶kN N B.
In other words, when there is a relational predicate, e.g., select on the outer relation of a kNN-Join, applying the relational predicate after computing the kNN-Join,
i.e., (σA (A ✶kN N B)) is equivalent to applying the predicate to the outer relation
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before computing the kNN-Join, i.e., (σ(A) ✶kN N B). The reason is that applying
the relational predicate before the kNN-Join will filter out some tuples (points) from
the outer relation that would also be filtered out anyway if the relational predicate
is applied after the kNN-join (Refer to [13, 27] for more detail). Thus, pushing the
relational predicates below the outer relation of a kNN-Join is a valid query optimization heuristic. In contrast, when there is a relational predicate, e.g., a relational
select on the inner relation of a kNN-Join, applying the relational predicate after
computing the kNN-Join is not equivalent to applying the relational predicate to the
inner relation before computing the kNN-Join, i.e.,
σB (A ✶kN N B) ̸≡ A ✶kN N σ(B).
As explained in Example 5.1 (see Figure 5.1 in Section 5.1), we refer to the kNNJoin in Figure 5.1(a) as Pre-Filter and the one in Figure 5.1(b) as Post-Filter. In
the rest of this section, we present various optimization alternatives that can enhance
the execution of queries with kNN-Join and relational predicates while preserving the
semantics of these queries.

5.4.1

Pre-Filter kNN-Join

In this section, we study queries with Pre-Filter kNN-Join, where the relational
predicates are on the inner relation of the kNN-Join. Conceptually, the kNN-Join
should be applied first, then the resulting tuples are filtered out by the relational
predicates. Refer to QEP(a) of Figure 5.6 for illustration.
Although QEP(a) is legitimate, it can suﬀer from repeated redundant computations. It is highly likely that a point in the inner relation corresponds to the
k-nearest-neighbors of more than one point in the outer relation, e.g., Point r2 in
Figure 5.1(b). [65] shows that for k = 1, the number of the reverse nearest neighbors of a point can reach up to six. For higher values of k, the number of reverse
nearest neighbors of every point can be much higher, leading to a large number of
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repeated computations. To avoid this redundancy, we use a cache (i.e., a hash table)
that stores for every processed tuple whether it qualifies or disqualifies the relational
predicates. If a tuple is already processed (i.e., exists in the hash table) and qualifies
the relational predicates, it is directly emitted to the output, otherwise, it is ignored.
QEP(b) of Figure 5.6 is another alternative for evaluating queries with Pre-Filter
kNN-Join. In this QEP, the relational predicates are applied to the inner relation first
and the qualifying tuples are materialized into a temporary relation. Afterwards,
the k-in-circle optimization heuristic is applied as we explain below. Notice that
this optimization allows for pushing relational select(s) below the kNN-Join without
compromising the correctness of evaluation.
In QEP(b), for every tuple, say po , in the outer relation, the k-closest tuples in
the materialized relation are determined and scanned in a decreasing order of their
distance from po . As discussed earlier in Section 5.3, this can be eﬃciently achieved
using a priority queue. For each pair (po , pi ), where pi ∈ the materialized relation,
we count the number of points from the inner relation that are contained within the
circle centered at po and whose radius is the distance between po and pi . If the number
of points within that circle is ≥ k, pi is ignored, otherwise, the pair (po , pi ) is added
to the answer of the query as well as all the pairs (po , pr ), where pr is any point that
is remaining in the priority queue.
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Observe that in QEP(a), any index-based algorithm for processing the kNN-Join
(e.g., [43]) can be applied. In contrast, in QEP(b), the materialized relation has no
corresponding index. In this case, the kNN-Join is executed using a nested-loops
join [14]. In Section 5.5, we show how to choose between QEP(a) and QEP(b).

5.4.2

Post-Filter kNN-Join

In this section, we study queries with Post-Filter kNN-Join, where the relational
predicates are on the inner relation of the kNN-Join. Conceptually, the relational
predicates should be applied to the inner relation first and the qualifying tuples are
materialized in a temporary relation.1 Afterwards, the kNN-Join can be performed
between the outer relation and the materialized relation. Refer to QEP(a) of Figure 5.7 for illustration.
QEP(b) of Figure 5.7 is another alternative for evaluating queries with Post-Filter
kNN-Join. In this QEP, the index on the inner relation is used with no need to materialize the tuples that qualify the relational predicates. Given a block from the outer
1

Similarly to QEP(a) of Figure 5.6, the materialized relation has no corresponding index that the
kNN-Join operation can leverage.
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relation, say bo , we scan the blocks of the inner relation in MINDIST order from bo . We
apply the relational predicates to the points in these blocks from the inner relation and
add those tuples that qualify the relational predicates to a list, say qualif yingList.
Once the size of qualif yingList reaches or exceeds k, we record the highest MAXDIST,
say highestM axDist, from bo of the encountered blocks. We continue scanning until
a block is encountered whose MINDIST is greater than highestM axDist. Afterwards,
for every point in bo , the nearest neighbors in qualif yingList are determined and are
added to the result of the query. Observe that when a scanning round corresponding
to a block from the outer relation is completed, the scan operator is reset to start a
new round of scan according to the MINDIST of the next block; For illustration, refer
to the dashed line from the kNN-Join operator to the Scan operator in QEP(b) of
Figure 5.7.
Similarly to QEP(b) of Figure 5.6, repeated computations of the relational predicates can occur for points from the inner relation that belong to the k-nearestneighbors of multiple points in the outer relation. We apply the same caching mechanism to solve this problem. In particular, if a tuple is already processed (i.e., exists
in the hash table) and qualifies the relational predicates, it is directly passed to the
kNN-Join operator, otherwise, it is ignored. For illustration, refer to the dashed line
from the Scan operator to the kNN-Join operator in QEP(b) of Figure 5.7.

5.5

Cost-Based Optimization
In order to decide which query processing strategy to use for a query with either a

Pre-Filter or a Post-Filter kNN-Select/Join, estimating the cost of these kNN predicates is essential. For instance, for a query optimizer to choose between QEP(a) and
QEP(b) in Figure 5.5, the cost of the kNN-Select predicate needs to be determined.
We apply the cost estimation techniques presented in Chapter 4 for estimating the
cost of the kNN-Select and kNN-Join operators. In particular, we apply the Staircase
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and Catalog-Merge techniques to estimate the cost of the kNN-Select and kNN-Join,
respectively.
In the rest of this section, we show how the cost model can be used to arbitrate
between the alternative QEPs that each query can have.

Pre-Filter kNN-Select
Refer to Figure 5.3 for illustration. The cost of the kNN-Select in QEP(a) is
directly estimated using the Staircase technique. However, in QEP(b), the kNNSelect operates with no spatial index, and hence the cost is determined by the cost of
the relational operators. Notice that the CPU cost of the kNN operator applies the
k-in-circle optimization is O(n log k) in CPU time, where n is the number of tuples
that qualify the relational predicates below the operator.
Depending on the cost of the relational predicates as well as the cost of the kNNSelect, we choose either QEP(a) or QEP(b).

Post-Filter kNN-Select
Refer to Figure 5.5 for illustration. Estimating the cost of the kNN-Select operator
in QEP(b) can be described as follows. Because there is no correlation between the
location of a tuple and whether it qualifies the relational predicates, we can assume
that the tuples that qualify the relational predicates are uniformly distributed in the
space. If the selectivity of the relational predicates is ρ ≤ 1, then

k
(1−ρ)

tuples will

contain k tuples that qualify the relational predicates. Thus, we substitute the value
of k by

k
(1−ρ)

and then apply the Staircase technique to estimate the cost of the kNN-

Select. However, in QEP(a), the kNN-Select operates with no spatial index, and
hence the cost is determined by the cost of the relational operators.
Depending on selectivity and cost of the relational predicates and the value of k,
we choose either QEP(a) or QEP(b) of Figure 5.5.
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Pre-Filter kNN-Join
Refer to Figure 5.6 for illustration. The cost of the kNN-Join in QEP(a) is straightforward. In this case, the kNN-Join operates in a standard way, and hence its cost can
be estimated by directly using the Catalog-Merge technique. However, in QEP(b),
the kNN-Join operates with no index on the inner relation, and hence its cost is
equivalent to the cost of a nested-loops join [14]. The cost of the relational predicates
in both QEP(a) and QEP(b) is the same because QEP(a) applies a caching technique
that avoids any repeated computations. Depending on the relational selectivity and
the value of k, we choose either QEP(a) or QEP(b).

Post-Filter kNN-Join
Refer to Figure 5.7 for illustration. In QEP(a), the kNN-Join operates with no
spatial index, and hence its cost is the same as the cost of a nested-loops join. The
overall cost of this QEP equals the cost of performing the relational predicates plus
the cost of a nested-loops join [14]. Estimating the cost of the kNN-Join operator
in QEP(b) can be described as follows. Similarly to kNN-Select queries, we assume
no correlation between the location of a tuple and whether it qualifies the relational
predicates, and hence we assume that the tuples that qualify the relational predicates
are uniformly distributed in the space. If the selectivity of the relational predicates
is ρ ≤ 1, we substitute the value of k by

k
,
(1−ρ)

and then apply the Catalog-Merge

technique to estimate the cost of the kNN-Join.
Depending on the selectivity and cost of the relational predicates and the value
of k, we choose either QEP(a) or QEP(b) of Figure 5.7.

5.6

Experimental Evaluation
In this section, we evaluate the performance of the proposed optimization tech-

niques. We realize a testbed in which we implement the state-of-the-art kNN-Select
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and kNN-Join algorithms as described in [41,43]. In addition, we employ our Staircase
and Catalog-Merge techniques as described in Chapter 4 to estimate the cost
of the
22
12
kNN operators. Our implementation is based on a region-quadtree index [57], where
each node in the quadtree represents a region of space that is recursively decomposed
into four equal quadrants, subquadrants, and so on with each leaf node containing
points that correspond to a specific subregion. We choose the quadtree because the
blocks of a quadtree do not spatially overlap. This property leads to robust performance for kNN queries. In our testbed, we tried an R-tree implementation, but it
does not yield the same good performance as the quadtree even for the baseline kNN
queries due to the spatial overlap of the R-tree blocks. All implementations are in
Java. Experiments are conducted on a machine running Mac OS X on Intel Core i7
CPU at 2.3 GHz and 8 GB of main memory.
The datasets used in the experiments are based on the TPC-H benchmark [25]. We
choose to use the TPC-H benchmark because it is a well-crafted source of relational
data with well-defined schema and queries with complex relational expressions. We
generate various instances of the data using the TPC-H generator with diﬀerent scale
factors. Figure 5.8 gives part of the relational schema of the TPC-H benchmark
tables. The size of each table is displayed as multiples of the scale factor (SF). For
instance, if SF = 10, then the size of the Orders Table is 10×1.5M = 15M tuples. For
illustration, only the attributes that are relevant to the queries we use are displayed.
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In Figure 5.8, each of the Customer and Supplier tables has an address attribute.
The TPC-H-generated values for this attribute are randomly generated strings. We
replace them with real location data from OpenStreetMap [26]. The location of each
point in the data represents the (lat, long) coordinates of real GPS data collected
world-wide.
The queries we use in the experiments are derived from Query Q13 specified by
the TPC-H benchmark. We choose this query for the following reasons: 1) it contains
a reference to the address attribute in a way that makes it natural to use with a kNN
predicate, 2) it has relatively complex relational constructs, e.g., group-by, and joins,
allowing us to demonstrate that the proposed optimizations work well with relatively
complex relational predicates, and 3) the relational constructs in the query allow us
to try diﬀerent selectivity values, and hence demonstrate how our cost estimation
model can be used to make the right choice for a QEP.
For each customer, say c, Q13 retrieves the number of orders c has made. To
enable diﬀerent selectivities for our corresponding relational predicates, we change
the query to retrieve a customer if he made at least one order with price > t.
This threshold represents a tuning parameter for controlling the selectivity or the
reduction factor of the relational expression. The modified query can be expressed
in SQL as follows:

SELECT C.Custkey, COUNT(O.Orderkey) AS N
FROM Customer C, Orders O
WHERE C.Custkey = O.Custkey
AND O.TotalPrice > t
GROUP BY C.custkey
HAVING N > 0;

We try all the possible values of t and map each value to the corresponding reduction factor using histograms for the TotalPrice Attribute. Furthermore, to speedup
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the execution of the above query, we assume the existence of a hash index on Custkey
Attribute of Table Orders (to speed up the join between the Tables Customer and
Orders) as well as a B+Tree index on the TotalPrice Attribute. Furthermore, we
assume that both Supplier and Customer Tables are indexed using region quadtrees
based on Attribute Address.
We embed a kNN-Select or a kNN-Join into the above query. For each possible
query semantics, we have two possible QEPs. Furthermore, we estimate the cost of
each these two QEPs and choose the one that has the least cost. We refer to the
QEP that automatically chooses the best QEP based on the estimated cost as the
Cost-Based QEP.
For the queries we study, our performance metric is the execution time. We monitor this metric after varying: 1) the value of k, 2) the selectivity (i.e., reduction factor)
of the relational expression, and 3) the scale factor, i.e., the size of the database.

5.6.1

Pre-Filter kNN-Select

In this experiment, we study a query with a Pre-Filter kNN-Select. Given a
threshold, say t, and a query-point, say q, that is chosen at random, the query
chooses from the k-nearest customers to q those who have made at least one order
of TotalPrice > t. The query can be expressed in SQL as follows:

SELECT C.Custkey, COUNT(O.Orderkey) AS N
FROM Customer C, Orders O
WHERE C.Custkey = O.Custkey
AND O.TotalPrice > t AND C is kNN q
GROUP BY C.custkey
HAVING N > 0;
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We examine two QEPs for the query; Refer to QEP(a) and QEP(b) of Figure 5.3
for illustration. We refer to QEP(a) as kNN-First and QEP(b) as Relational-First. In
addition, we examine the Cost-Based QEP that automatically chooses either QEP(a)
and QEP(b) based on the estimated cost.
Figure 5.9 gives the performance of the three QEPs and shows how the CostBased QEP succeeds to choose the best QEP in most of the cases. Figure 5.9(a)
illustrates that the kNN-First QEP has almost constant performance irrespective
of the value of the reduction factor because the value of k is constant. Because
the value of k is small in this case, it is cheap to apply the kNN-Select first and
apply the relational predicates afterwards to only k tuples, and hence the kNNFirst QEP has better performance (by up to two orders of magnitude). However, as
Figure 5.9(b) demonstrates, the performance of the kNN-First QEP degrades as the
value of k increases, which is a natural result. In contrast, the Relational-First QEP
has constant performance; because the reduction factor is constant (90%), the k-incircle optimization enables the QEP to process the same number of tuples regardless
of the value of k.
Figure 5.9(c) illustrates that for diﬀerent scale factors, when the value of k is small,
the Cost-Based QEP always makes the right choice of choosing the kNN-First QEP,
leading to three orders of magnitude gain compared to the Relational-First QEP.
Last but not least, the Cost-Based QEP succeeds to choose the best QEP in most
of the cases. Note that there are some cases where the Cost-Based QEP does not
make the right choice, but this happens near the points of intersection between the
two curves of the performance of the Relational-First and kNN-First QEPs. In this
case, the two QEPs have almost the same performance; it does not matter which
QEP to choose. In contrast, Figure 5.9(c) demonstrates that when the diﬀerence in
performance between the two QEPs is significant, i.e., three orders of magnitude, the
Cost-Based QEP always succeeds in making the right choice.
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Post-Filter kNN-Select

1
In this experiment,
we study a query with a Post-Filter kNN-Select. Given a

threshold, say t, and a query-point, say q, that is chosen at random, the query
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chooses the k-closest customers to q from those customers who have made at least
one order of TotalPrice > t. The query can be expressed in SQL as follows:

SELECT C.Custkey, COUNT(O.Orderkey) AS N
FROM Customer C, Orders O
WHERE C.Custkey = O.Custkey
AND O.TotalPrice > t
GROUP BY C.custkey
HAVING N > 0
ORDER BY distance(C.address, q)
LIMIT k;

We examine two QEPs for the query; Refer to QEP(a) and QEP(b) of Figure 5.5 for illustration. Similarly to the above experiments, we refer to QEP(a)
as Relational-First, QEP(b) as kNN-First, and the QEP that automatically chooses
either QEP(a) and QEP(b) as the Cost-Based QEP. For the Relational-First QEP, we
use the B+Tree index on the TotalPrice Attribute to retrieve the tuples of TotalPrice
< t.
Figure 5.10 gives the performance of the three QEPs. As illustrated in the figure,
there is a variability in the dominance of one QEP over the other. For instance, in
Figure 5.10(a), when the reduction factor is high, the performance of the RelationalFirst QEP is better by more than two orders of magnitude. In this case, tuples of
TotalPrice < t are quickly retrieved from the B+Tree and the k-closest tuples are
quickly selected from them. However, the kNN-First QEP terminates only when k
tuples that qualify the relational predicates (TotalPrice < t) are retrieved (refer to the
‘Stop After k’ operator at the top of the kNN-First QEP). Hence, for the same case
of high reduction factor, early termination is unlikely to happen for the kNN-First
QEP as the MINDIST Scan operator will keep scanning almost all the blocks in the
entire space. In contrast, a low value of the reduction factor implies that k matching
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tuples will be found around q, and hence, early termination is more likely to happen;
the kNN-First 1QEP will dominate in this case.
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Similarly, Figure 5.10(b) shows that for small k values, the kNN-First QEP performs better because in this case, early termination is more likely to happen. The
opposite happens when the value of k increases because early termination is unlikely
to occur in this case. In either case, the Relational-First QEP blindly processes the
input table without leveraging the spatial locality, and hence has almost constant
performance. Figure 5.10(c) illustrates that for diﬀerent scale factors, when the value
of k is small, the Cost-Based QEP always makes the right choice of choosing the
kNN-First QEP.

5.6.3

Pre-Filter and Post-Filter kNN-Joins

In this experiment, we use a kNN-Join between the Supplier and Customer tables,
where a relational expression is applied on the Customer Table (i.e., the inner table
of the kNN-Join). In particular, we study two queries:
1. A query with a Pre-Filter kNN-Join: Given a threshold t, retrieve for each
Supplier, from the k-closest customers those who have made at least one order
with TotalPrice > t.
2. A query with a Post-Filter kNN-Join: Given a threshold t, retrieve for each
Supplier, the k-closest customers from those who have made at least one order
with TotalPrice > t.
Similarly to the above experiments, for each of the above queries, we examine
two QEPs as well as the Cost-Based QEP that automatically chooses the QEP with
the least cost. We refer to QEP(a) and QEP(b) of Figure 5.6 as kNN-First and
Relational-First, respectively. Similarly, we refer to QEP(a) and QEP(b) of Figure 5.7
as Relational-First and kNN-First, respectively.
Figures 5.11 and 5.12 give the performance of the various QEPs at diﬀerent parameter settings. Figures 5.11(a) (and similarly Figure 5.12(a)) shows that when the
reduction factor is high, the Relational-First QEP performs better (by three orders
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of magnitude). In this case, customers that qualify the relational predicate are mate1
rialized into a small
relation, and hence, the kNN-Join will be easy to perform, either

with the k-in-circle optimization for a Pre-Filter query or with a standard kNN prior-
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ity queue for a Post-Filter query. The kNN-First QEP blindly applies the kNN-Join
without leveraging the pruning eﬀect of the high relational selectivity. In contrast,
1

when the reduction factor is low, the kNN-First QEP performs better (by two orders
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of magnitude) because the size of the materialized relation is large in this case, which
degrades the performance of the Relational-First QEP.
Figure 5.11(b) (and similarly Figure 5.12(b)) shows that the performance of both
the Relational-First and kNN-First QEPs degrades as the value of k increases, which
is a natural result because the k-nearest-neighbors have to be determined in either
QEPs.
Figure 5.11(c) (and similarly Figure 5.12(c)) shows that the diﬀerence in performance between the QEPs is maintained for diﬀerent scale factors when the other
parameters are fixed. In this case, because the reduction factor is high, the RelationalFirst QEP outperforms the kNN-First QEP by almost two orders of magnitude.
Last but not least, the Cost-Based QEP succeeds in selecting the best QEP in
most of the cases except near the points of intersection between the two curves. This
is especially true when the diﬀerence in performance is significant, e.g., three orders
of magnitude as in Figures 5.11(c) and 5.12(c). This proves the robustness of our cost
estimation model.

5.7

Concluding Remarks
In this chapter, we presented a comprehensive study for the various cases of queries

with kNN and relational predicates. Such queries embed two challenges: i) a semantics disambiguation challenge, and ii) a performance challenge. We clarified the different semantics that emerge from the coexistence of kNN-Select/Join and relational
predicates within the same query. We presented various optimization heuristics to enhance the performance of these queries while preserving their correct semantics. For
each query, we applied a cost-based estimation model that arbitrates between the various optimizations and possible QEPs that the query can have. Our experiments that
are based on the TPC-H benchmark and real spatial datasets from OpenStreetMap
demonstrate orders of magnitude enhancement in query performance.
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6. ADAPTIVE PARTITIONING OF BIG SPATIAL DATA
This chapter presents AQWA, a dynamic mechanism for partitioning big spatial data.
Unlike existing cluster-based systems for processing big spatial data that employ
static partitioning structures, AQWA can react to changes in the data distribution
and query workload in a way that minimizes the processing time of spatial queries.
The rest of this chapter proceeds as follows. Section 6.1 discusses the limitations of
existing cluster-based systems for processing big spatial data, and briefly mentions the
challenges that emerge when addressing these limitations. Section 6.2 discusses the
related work. Section 6.3 gives an overview of AQWA. Sections 6.4 and 6.5 describe
how data partitioning and query processing are performed in AQWA. Section 6.6
explains how concurrency and system failures are handled in AQWA. Section 6.7 gives
an experimental study of the performance of AQWA. Section 6.8 includes concluding
remarks.

6.1

Introduction
The ubiquity of location-aware devices, e.g., smartphones and GPS-devices, has

led to a large variety of location-based services in which large amounts of geotagged
information are created every day. Meanwhile, the MapReduce framework [66] has
proven to be very successful in processing large datasets on large clusters, particularly
after the massive deployments reported by companies like Facebook, Google, and
Yahoo!. Moreover, tools built on top of Hadoop [67], the open-source implementation
of MapReduce, e.g., Pig [68], Hive [69], Cheetah [70], and Pigeon [71], make it easier
for users to engage with Hadoop and run queries using high-level languages. However,
one of the main issues with MapReduce is that executing a query usually involves
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scanning very large amounts of data that can lead to high response times. Not enough
attention has been devoted to addressing this issue in the context of spatial data.
Existing cluster-based systems for processing large-scale spatial data employ spatial partitioning methods in order to have some pruning at query time. However, these
partitioning methods are static and cannot eﬃciently react to data changes. For instance, SpatialHadoop [15, 16] supports static partitioning schemes (e.g., see [72]) to
handle large-scale spatial data. To handle a batch of new data in SpatialHadoop, the
whole data needs to be repartitioned from scratch, which is quite costly.
In addition to being static, existing cluster-based systems are insensitive to the
query workload. As noted in several research eﬀorts, e.g., [17–19], accounting for the
query workload can be quite eﬀective. In particular, regions of space that are queried
with high frequency need to be aggressively partitioned in comparison to the other
less popular regions. This fine-grained partitioning of the in-high-demand data can
result in significant savings in query processing time.
In this chapter, we present AQWA, an adaptive and query-workload-aware data
partitioning mechanism that minimizes the query processing time of spatial queries
over large-scale spatial data. Unlike existing systems that require recreating the partitions, AQWA incrementally updates the partitioning according to the data changes
and the query workload. An important characteristic of AQWA is that it does not
presume any knowledge of the data distribution or the query workload. Instead,
AQWA applies a lazy mechanism that reorganizes the data as queries are processed.
Traditional spatial index structures try to increase the pruning power at query
time by having (almost) unbounded decomposition until the finest granularity of
data is reached in each split. In contrast, AQWA keeps a lower bound on the size of
each partition that is equal to the data block size in the underlying distributed file
system. In the case of HDFS, the reason for this constraint is twofold. First, each file
is allocated at least one block (e.g., 128 MB) even if the size of the file is less than the
block size in HDFS. In Hadoop, each mapper typically consumes one file. So, if too
many small partitions exist, too many short-lived mappers will be launched, taxing
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the system with the associated setup overhead of these mappers. Second, allowing
too many small partitions can be harmful to the overall health of a computing cluster.
The metadata of the partitions is usually managed in a centralized shared resource.
For instance, the NameNode is a centralized resource in Hadoop that manages the
metadata of the files in HDFS, and handles the file requests across the whole cluster.
Hence, the NameNode is a critical component that, if overloaded with too many small
files, slows down the overall cluster (e.g., see [21–24]).
AQWA employs a simple yet powerful cost function that models the I/O overhead
of executing the queries. The cost function integrates both the data distribution and
the query workload. AQWA repeatedly tries to minimize the cost of query execution
by splitting some partitions, which in turn, maximizes the query throughput. In order
to choose the partitions to split and find the best positions to split these partitions
according to the cost model, two operations are excessively applied: 1) Finding the
number of points in a given region, and 2) Finding the number of queries that overlap
a given region. A straightforward approach to support these two operations is to
scan the whole data (in case of Operation 1) and all queries in the workload (in
case of Operation 2), which is quite costly. The reason is that: i) we are dealing
with big data in which scanning the whole data is costly, and ii) the two operations
are to be repeated multiple times in order to find the best partitioning. To address
these challenges, AQWA employs a set of main-memory structures that maintain
information about the data distribution as well as the query workload. These mainmemory structures along with eﬃcient summarization techniques from [73,74] enable
AQWA to eﬃciently perform its repartitioning decisions.
AQWA supports spatial range and k-Nearest-Neighbor (kNN, for short) queries.
Range queries are relatively easy to process in distributed platforms because the
spatial region (i.e., window) that bounds the answer of a query is predefined, and
hence the data partitions that overlap that region can be determined before the query
is executed. However, the spatial region that confines the answer of a kNN query is
unknown until the query is executed. Existing approaches (e.g., [16]) for processing a
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kNN query over big spatial data require two rounds of processing in order to guarantee
the correctness of evaluation, which implies high latency. AQWA presents a more
eﬃcient approach that guarantees the correctness of evaluation through a single round
of computation while minimizing the amount of data to be scanned during processing
the query. To achieve that, AQWA leverages its main-memory structures to eﬃciently
determine the minimum spatial region that confines the answer of a kNN query.
AQWA can react to diﬀerent types of query workloads. Whether there is a single
hotspot area (i.e., one that receives queries more frequently, e.g., downtown area), or
there are multiple simultaneous hotspots, AQWA eﬃciently determines the minimal
set of partitions that need to be split, and accordingly reorganizes the data partitions.
Furthermore, when the workload permanently shifts from one (or more) hotspot area
to another, AQWA is able to eﬃciently react to that change and update the partitioning accordingly. To achieve that, AQWA employs a time-fading counting mechanism
that alleviates the overhead corresponding to older query-workloads.
In summary, the contributions of this chapter are as follows.
• We introduce AQWA, a new mechanism for partitioning big spatial data that:
1) can react to data changes, and 2) is query-workload-aware. Instead of recreating the partitions from scratch, AQWA adapts to changes in the data by
incrementally updating the data partitions according to the query workload.
• We present a cost-based model that manages the process of repartitioning the
data according to the data distribution and the query workload while abiding
by the limitations of the underlying distributed file system.
• We present a time-fading mechanism that alleviates the repartitioning overhead corresponding to older query-workloads by assigning lower weights to older
queries in the cost model.
• Unlike the state-of-the-art approach (e.g., [16]) that requires two rounds of
computation for processing a kNN query on a distributed platform, we show how
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a kNN query can be eﬃciently answered through a single round of computation
while guaranteeing the correctness of evaluation.
• We show that AQWA achieves a query performance gain of one order of magnitude in comparison to the state-of-the-art system [16]. This is demonstrated
through a real implementation of AQWA on a Hadoop cluster where Terabytes
of real spatial data from Twitter are acquired and various workloads of range
and kNN queries are processed.

6.2

Related Work
Work related to AQWA can be categorized into four main categories: 1) central-

ized data indexing, 2) distributed data-partitioning, 3) query-workload-awareness in
database systems, and 4) spatial data aggregation and summarization.
In the first category, centralized indexing, e.g., B-tree [75], R-tree [32], Quadtree [31], Interval-tree [76], k-d tree [77], the goal is to split the data in a centralized
index that resides in one machine. The structure of the index can have unbounded
decomposition until the finest granularity of data is reached in each partition. This
model of unbounded decomposition works well for any query workload distribution;
the very fine granularity of the splits enables any query to retrieve its required data by
scanning minimal amount of data with very little redundancy. However, as explained
in Section 6.1, in a typical distributed file system, e.g., HDFS, it is important to limit
the size of each partition because allowing too many small partitions can be very
harmful to the overall health of a computing cluster (e.g., see [21–24]). Moreover, in
Hadoop for instance, too many small partitions lead to too many short-lived mappers
that can have high setup overhead. Therefore, AQWA keeps a lower bound on the
size of each partition that is equal to the data block size in the underlying distributed
file system (e.g., 128 MB in HDFS).
In the second category, distributed data-partitioning, e.g., [16, 78–83], the goal is
to split the data in a distributed file system in a way that optimizes the distributed
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query processing by minimizing the I/O overhead. Unlike the centralized indexes,
indexes in this category are usually geared towards fulfilling the requirements of the
distributed file system, e.g., keeping a lower bound on the size of each partition.
For instance, the Eagle-Eyed Elephant (E3) framework [78] avoids scans of data
partitions that are irrelevant to the query at hand. However, E3 considers only onedimensional data, and hence is not suitable for spatial two-dimensional data/queries.
[15, 16] present SpatialHadoop; a system that processes spatial two-dimensional data
using two-dimensional Grids or R-Trees. A similar eﬀort in [81] addresses how to
build R-Tree-like indexes in Hadoop for spatial data. [84, 85] decluster spatial data
into multiple disks to achieve good load balancing in order to reduce the response
time for range and partial match queries. However, all the eﬀorts in this category
apply static partitioning mechanisms that are neither adaptive nor query-workloadaware. In other words, the systems in this category do not provide a functionality
to eﬃciently update the data partitions after a set of data updates is received (i.e.,
appended). In this case, the partitions for the entire dataset need to be rebuilt, which
is quite costly and may require the whole system to halt until the new partitions are
created.
In the third category, query-workload-awareness in database systems, several research eﬀorts have emphasized the importance of taking the query workload into consideration when designing the database and when indexing the data. [17, 18] present
query-workload-aware data partitioning mechanisms in distributed shared-nothing
platforms.

However, these mechanisms support only one-dimensional data. [19]

presents an adaptive indexing scheme for continuously moving objects. [86] presents
techniques for supporting variable-size disk pages to store spatial data. [87] presents
query-adaptive algorithms for building R-trees. Although the techniques in [19,86,87]
are query-workload-aware, they assume a centralized storage and processing platform.
In the fourth category, spatial data aggregation and summarization, several techniques have been proposed for eﬃciently aggregating spatial data and supporting
spatial range-sum queries. In AQWA, computing the cost function requires support
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of two range-sum queries, namely, 1) counting the number of points in a spatial range,
and 2) counting the number of queries that intersect a spatial range. [74] presents the
idea of maintaining prefix sums in a grid in order to answer range-sum queries of
the number of points in a window, in constant time, irrespective of the size of the
window of the query or the size of the data. The relative prefix sum [88] and the
space-eﬃcient relative prefix sum [89] were proposed to enhance the update cost and
the space required to maintain the prefixes. [90] further enhances the idea of prefix
sum to support OLAP queries.
Extending the idea of prefix sums in a grid for counting the number of rectangles
(i.e., queries) that intersect a spatial region is a bit challenging due to the problem
of duplicate counting of rectangles. Euler histograms [73] were proposed to find the
number of rectangles that intersect a given region without duplicates. [91] and [52]
employ the basic idea of Euler histograms to estimate the selectivity of spatial joins.
AQWA employs the prefix sum techniques in [74] and a variant of the Euler histogram
in [73] to compute its cost function in constant time, and hence eﬃciently determine
its repartitioning decisions.

6.3

Preliminaries
In AQWA, we consider range and kNN queries over data points in the two-

dimensional space. The goal is to spatially partition the data such that the amount of
data that is scanned by the queries is minimized by avoiding unnecessary scans of the
data. For instance, if a range query, say q, partially overlaps a big partition, say p, p
should be split such that q reads only its relevant data. The process of partitioning
the data is guided by a cost function that models the I/O overhead of executing the
queries.
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6.3.1

Cost Model

AQWA tries to minimize the I/O overhead of executing the queries, which in turn,
maximizes the query throughput. In AQWA, the I/O overhead of executing a query is
estimated by the number of records (i.e., points) that the query has to read. AQWA
assigns a cost to each data partition that reflects how frequent the data inside the
partition is read, and also how big the partition is. More formally, given a partition,
say p, the cost corresponding to p is:
C(p) = N (p) × Q(p),

(6.1)

where N (p) is the number of points in p, and Q(p) is the number of queries overlapping
p. The goal is to minimize the cost corresponding to all the partitions.
Theoretically, the number of possible partitioning layouts is exponential in the
total number of points because a partition can take any shape and can contain any
subset of the points. For simplicity, we consider only partitioning layouts that have
rectangular-shaped partitions. Moreover, to abide by the restrictions of typical distributed file systems, e.g., HDFS, we consider only partitions that are of size greater
than a certain limit, e.g., the block size in HDFS.
In AQWA, the query workload is not known in advance. As the queries are
processed, the query workload is automatically learned, and the underlying data
points are partitioned accordingly. Similarly, when the query workload changes, the
data partitions are updated accordingly. Furthermore, as new batches of data are
acquired, the data partitions are updated according to the data distribution and the
query workload.
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Fig. 6.1. An overview of AQWA.

6.3.2

Overview of AQWA

Figure 6.1 gives an overview of AQWA that is composed of two main components:
1) a k-d tree decomposition1 of the data, where each leaf node is a partition in
the distributed file system, and 2) a set of main-memory structures that maintain
statistics about the distribution of the data and the queries. To account for system
failures, the contents of the main-memory structures are periodically flushed into
disk. Upon recovery from a failure, the main-memory structures are reloaded from
disk. Four main processes define the interactions among the components of AQWA,
namely, initialization, query execution, data acquisition, and repartitioning.
• Initialization: This process is performed once. Given an initial dataset, statistics about the data distribution are collected. In particular, we divide the space
into a grid, say G, of n rows and m columns. Each grid cell, say G[i, j], will
contain the total number of points whose coordinates are inside the boundaries
1

The ideas presented in this chapter do not assume a specific data structure and are applicable to
R-Tree or quadtree decomposition.
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of G[i, j]. The grid is kept in main-memory and is used later on to find the
number of points in a given region in O(1).
Based on the counts determined in the initialization process, we identify the best
partitioning layout that evenly distributes the points in a kd-tree decomposition.
We create the partitions using a MapReduce job that reads the entire data
and assigns each data point to its corresponding partition. We describe the
initialization process in detail in Section 6.4.1
• Query Execution: Given a query, we select the partitions that are relevant
to, i.e., overlap, the invoked query. Then, the selected partitions are passed as
input to a MapReduce job to determine the actual data points that belong to
the answer of the query. Afterwards, the query is logged into the same grid that
maintains the counts of points. After this update, we may (or may not) take a
decision to repartition the data.
• Data Acquisition: Given a batch of data, we issue a MapReduce job that
appends each new data point to its corresponding partition according to the
current layout of the partitions. In addition, the counts of points at each cell
in the grid are incremented according to the corresponding counts in the given
batch of data.
• Repartitioning: Based on the history of the query workload as well as the
distribution of the data, we determine the partition(s) that, if altered (i.e.,
further decomposed), would result in better execution time of the queries.
While the initialization and query execution processes can be implemented in
a straightforward way, the data acquisition and repartitioning processes raise the
following performance challenges:
• Overhead of Rewriting: A batch of data is appended during the data acquisition
process. To have good pruning power at query time, some partitions need to
be split. Furthermore, the overall distribution of the data may change. Thus,
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we may need to change the partitioning of the data. If the process of altering
the partitioning layout reconstructs the partitions from scratch, it would be
very ineﬃcient because it will have to reread and rewrite the entire data. In
Section 6.7, we show that reconstructing the partitions takes several hours for
a few Terabytes of data. This is ineﬃcient especially for dynamic scenarios,
where new batches of data are appended on an hourly or daily basis. Hence, we
propose an incremental mechanism to alter only a minimal number of partitions
according to the query workload.
• Eﬃcient Search: We repeatedly search for the best change to do in the partitioning in order to achieve good query performance. The search space is large,
and hence, we need an eﬃcient way to determine the partitions to be further
split and how/where the split should take place. We maintain main-memory
aggregates about the distribution of the data and the query workload. AQWA
employs the techniques in [73, 74] to eﬃciently determine the partitioning decisions via main-memory lookups.
• Workload Changes and Time-Fading Weights: AQWA should respond to permanent changes in the query workload. However, we need to ensure that AQWA
is resilient to temporary query workloads, i.e., avoid unnecessary repartitioning
of the data.
AQWA keeps the history of all queries that have been processed. However,
we need to diﬀerentiate between fresh queries, i.e., those that belong to the
current query-workload, and relatively old queries. AQWA should alleviate
the redundant repartitioning overhead corresponding to older query-workloads.
Hence, we apply time-fading weights for the queries in order to alleviate the
cost corresponding to old queries according to Equation 6.1.
• Keeping a lower bound on the size of each partition: For practical considerations, it is important to avoid small partitions that can introduce a performance
bottleneck in a distributed file system (e.g., see [21–24]). Hence, in AQWA, we
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avoid splitting a partition if any of the resulting two partitions is of size less
than the block size in the distributed file system (e.g., 128 MB in HDFS).

6.4

AQWA

6.4.1

Initialization

The main goal of AQWA is to partition the data in a way that minimizes the cost
according to Equation 6.1. Initially, i.e., before any query is executed, the number
of queries that will overlap each partition is unknown. Hence, we simply assume
a uniform distribution of the queries across the data. This implies that the only
component of Equation 6.1 that matters at this initial stage is the number of points
in each partition. Thus, in the initialization process, we partition the data in a way
that balances the number of points across the partitions. In particular, we apply a
recursive k-d tree decomposition [77].
The k-d tree is a binary tree in which every non-leaf node tries to split the underlying space into two parts that have the same number of points. Only leaf nodes
contain the actual data points. The splits can be horizontal or vertical and are chosen
to balance the number of points across the leaf nodes. Splitting is recursively applied,
and stops if any of the resulting partitions is of size < the block size. Figure 6.2 gives
the initial state of an example k-d tree with 7 leaf nodes along with the corresponding
space partitions. Once the boundaries of each leaf node are determined, a MapReduce job creates the initial partitions, i.e., assigns each data point to its corresponding
partition. In this MapReduce job, for each point, say p, the key is the leaf node that
encloses p, and the value is p. The mappers read diﬀerent chunks of the data and then
send each point to the appropriate reducer, which groups the points that belong to
the same partition, and ultimately writes the corresponding partition file into HDFS.
The hierarchy of the partitioning layout, i.e., the k-d tree, is kept for processing
future queries. As explained in Section 6.3.2, once a query, say q, is received, only
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Fig. 6.2. An example tree with 7 leaf partitions.

the leaf nodes of the tree that overlap q are selected and passed as input to the
MapReduce job corresponding to q.

Eﬃcient Search via Aggregation
An important question to address during the initialization process is how to split
a leaf node in the tree. In other words, for a given partition, say p, what is the best
horizontal or vertical line that can split p into two parts such that the number of
points is the same in both parts? Furthermore, how can we determine the number of
points in each split, i.e., rectangle? Because the raw data is not partitioned, one way
to solve this problem is to have a complete scan of the data in order to determine the
number of points in a given rectangle. Obviously, this is not practical to perform.
Because we are interested in aggregates, i.e., count of points in a rectangle, scanning the individual points involves redundancy. Hence, in the initialization process,
we preprocess the raw data as in a way that enables quick lookup (in O(1) time) of
the count corresponding to a given rectangle. We maintain a two-dimensional grid
that has a very fine granularity. The grid does not contain the data points, but rather
maintains aggregate information. In particular, we divide the space into a grid, say
G, of n rows and m columns. Each grid cell, say G[i, j], initially contains the total
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(b) O(1) lookups.

Fig. 6.3. The prefix-sums for finding the number of points in an arbitrary rectangle
in constant time.

number of points that are inside the boundaries of G[i, j]. This is achieved through
a single MapReduce job that reads the entire data and determines the count for each
grid cell. Afterwards, we aggregate the data corresponding to each cell in G using
prefix-sums as in [74].
Refer to Figure 6.3 for illustration. For every row in G, we perform horizontal
aggregation, i.e., scan the cells from column 0 to column m and aggregate the values
as: G[i, j] = G[i, j] + G[i, j − 1] ∀ j ∈ [2, m]. Afterwards, we perform vertical
aggregation for each column, i.e., G[i, j] = G[i, j] + G[i − 1, j] ∀ i ∈ [2, n]. At this
moment, the value at each cell, say G[i, j], will correspond to the total number of
points in the rectangle bounded by G[0, 0] (top-left) and G[i, j] (bottom-right). For
example, the number of points in the red rectangle of Figure 6.3(a) can be determined
in O(1) by simply retrieving the value of the shaded cell that corresponds to the
bottom-right corner of the rectangle. To compute the number of points corresponding
to any given partition, i.e., rectangle, only four values need to be added/subtracted
as shown in Figure 6.3(b). Thus, the process of finding the number of points for any
given rectangle is performed in O(1).
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In addition to the above summarization technique, instead of trying all the possible
horizontal and vertical lines to determine the median line that evenly splits the points
in a given partition, we apply binary search on each dimension of the data. Given a
rectangle of r rows and c columns, first, we try a horizontal split of the rectangle at
Row

r
2

and determine the number of points in the corresponding two splits (in O(1)

operations as described above). If the number of points in both splits is the same, we
terminate, otherwise, we recursively repeat the process with the split that has higher
number of points. The process may be repeated for the vertical splits if no even
splitting is found for the horizontal splits. If no even splitting is found for the vertical
splits, we choose the best possible splitting amongst the vertical and horizontal splits,
i.e., the split that minimizes the absolute value of the diﬀerence between the number
of points in the emerging splits.
The above optimizations of grid-based pre-aggregation are essential for the efficiency of the initialization process as well as the repartitioning process that we
describe in the next section. Without pre-aggregation, e.g., using a straightforward
scan of the entire data, the partitioning would be impractical.

6.4.2
6.4.2.1

Data Acquisition and Repartitioning
Data Acquisition

Most sources of big spatial data are dynamic, where new batches of data are
received on an hourly or daily basis. For instance, since 2013, more than 500 Million
tweets are created every day [20]. AQWA provides a functionality to append the data
partitions with new batches of data. In AQWA, after the initialization process, each
of the partitions in the initial layout is appended with a new set of data points during
the data acquisition process. Appending a batch of data is performed through a
MapReduce job. In the Map phase, each data point is assigned to the corresponding
partition, and in the Reduce phase, the data points are appended. In addition,
each reducer determines the count of points it receives for the grid cells that overlap
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its corresponding partition. A temporary grid receives the aggregate counts, and
precomputations are performed the same way we explain in Section 6.4.1. Afterwards,
the counts in the fine-grained grid are incremented with the values in the temporary
grid.
We observe that after the data is appended, some (if not all) partitions may
increase in size by acquiring more data points. In order to maintain good pruning
at query time, these partitions need to be split. A straightforward approach for
altering the partitions is to aggressively repartition the entire data. However this
would be quite costly because the process of rereading and rewriting the entire data
is prohibitively expensive due to the size of the data. Furthermore, this approach
may require the entire system to halt until the new partitions are created. As we
demonstrate in Section 6.7, the process of reconstructing the partitions takes several
hours for a few Terabytes of data, which is impractical for dynamic scenarios, e.g.,
Twitter datasets, where new batches of data need to be appended frequently.

6.4.2.2

Adaptivity in AQWA

In AQWA, we apply an incremental mechanism that avoids rereading and rewriting the entire dataset, but rather splits a minimal number of partitions according to
the query workload. In particular, after a query is executed, it may (or may not)
trigger a change in the partitioning layout by splitting a leaf node (i.e., a partition)
in the k-d tree into two nodes. The decision of whether to apply such change or
not depends on the cost function of Equation 6.1. Three factors aﬀect this decision,
namely, the cost gain that would result after splitting a partition, the overhead of
reading and writing the contents of these partitions, and the sizes of the resulting
partitions. Below, we explain each of these factors in detail.
1. The cost reduction that would result if a certain partition is further split into
two splits: Observe that a query usually partially overlaps few partitions. For
instance, in Figure 6.4(a), q1 partially overlaps partitions A, D, and E. When
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q1 is executed, it reads the entire data of these overlapping partitions. However,
not all the data in these overlapping partitions is relevant, i.e., there are some
points that are redundantly scanned in the Map phase of the MapReduce job
corresponding to q1 . Thus, it would be beneficial w.r.t. q1 to further decompose,
i.e., split, Partitions A, D, and E so that the amount of irrelevant data to
be scanned is minimized. For example, assume that Partitions A, E, and D
contain 20, 30, and 15 points, respectively. According to Equation 6.1, the cost
corresponding to the partitioning layout of Figure 6.4(a) is 20 × 1 + 30 × 1 + 15 ×
1 = 65. However, if Partition E is split to Partitions E1 and E2 , such that E1
and E2 have 15 points each (Figure 6.4(b)), the cost would drop to 50; q1 will
have to read only half of the data in Partition E (i.e., Partition E2 ) instead of
the entirety of Partition E. Thus, splitting a partition may lead to a decrease in
the cost corresponding to a partitioning layout. Similarly, Partition A is split
to A1 and A2 , and then Partition A1 is further split to A11 and A12 . More
formally, assume that a partition, say p, is to be split into two Partitions, say
p1 and p2 . We estimate the decrease in cost, say Cd , associated with splitting p
as:
Cd (Split, p, p1 , p2 ) = C(p) − C(p1 ) − C(p2 ).

(6.2)

2. The cost of read/write during the split operation: Should we decide to split
a partition, the entire data of that partition will have to be read and then
written in order to create the new partitions. More formally, assume that a
partition, say p, is to be split. We estimate the read/write cost associated with
the splitting process as:
Crw (p) = 2 × N (p),
where N (p) is the number of points in p.

(6.3)

121

k-d Tree Variant

k-d Tree Variant

y

y

F
Stop when there
are k partitions

D

Stop when there
are k partitions

E

q1

F

G
D

A1

A
C
(a)

Split one cell at a time

x

E1
E2

q1

B

20 / 79

G

A11
A12

B
A2
C

Split one cell(b)
at a time

x

Fig. 6.4. Incremental repartitioning of the data. Only partitions A and E are split.

3. The size of the resulting partitions: In AQWA, we ensure that the size of each
partition is greater than the block size in the underlying distributed file system.
If the number of points in any of the resulting partitions is less than a threshold
minCount, the split operation is cancelled. minCount is calculated as

block size
,
NB

where N B is the expected number of bytes that a data point consumes, that
can be estimated as the total number of bytes in the dataset divided by the
number of points in the dataset.
According to Equations 6.2 and 6.3, we decide to split a partition, say ps if:
Cd (Split, ps , ps1 , ps2 ) > Crw
and N (ps1 ) > minCount

(6.4)

and N (ps2 ) > minCount.
Observe that a query may overlap more than one partition. Upon the execution of
a query, say q, the cost corresponding to the partitions that overlap q changes. Also,
for each of these partitions, the values of cost decrease due to split (i.e., Cd ) change.
Two challenges exist in this situation:
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1. How can we eﬃciently determine the best partitions to be split? We need to
choose the partition that, if split, would reduce the cost the most.
2. How can we eﬃciently determine the best split of a partition w.r.t. the query
workload, i.e., according to Equation 6.1? We already address this issue in
Section 6.4.1, but w.r.t. the data distribution only, i.e., without considering the
query workload.
To address the first challenge above, i.e., selecting the best partitions to be split,
we maintain a priority queue of candidate partitions which we refer to as the splitqueue. Partitions in the split-queue are decreasingly ordered in a max-heap according
to the cost reduction that would result after the split operations. For each partition,
say ps , in the split-queue, we determine the best split that would maximize the costreduction, i.e., Cd , that corresponds to splitting ps . We explain the process of selecting
the best split in detail in the next section. Notice that for each partition, we subtract
the cost of the read/write associated with the split operation from the value of the
cost-reduction. Thus, the value maintained for each partition in the split-queue is
Cd − 2 × N (ps ).
After a query is executed, the overlapping partitions are determined and their
corresponding values are updated in the priority queue. Observe that if the number
of points in any of the resulting partitions of a split operation is < minCount, the
corresponding partition is not inserted into the split-queue.

6.4.2.3

Eﬃcient Search for the Best Split

As illustrated in Section 6.3.1, for a given partition, the diﬀerent choices for the
position and orientation of a split can have diﬀerent costs. An important question to
address is how to eﬃciently determine, according to the cost model of Equation 6.2,
the best split of a partition that would result in the highest cost gain. To compute
the cost corresponding to a partition and each of its corresponding splits, Equation 6.1 embeds two factors that aﬀect the cost corresponding to a partition, say p,
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namely, 1) the number of points in p, and 2) the number of queries that overlap p.
In Section 6.4.1, we demonstrate how to compute the number of points in any given
partition using an O(1) operation. Thus, in order to eﬃciently compute the whole
cost formula, we need an eﬃcient way to determine the number of queries that overlap
a partition.
In Section 6.4.1 above, we demonstrate how to maintain aggregate information
for the number of points using a grid. However, extending this idea to maintain
aggregate information for the number of queries is challenging because a point resides
in only one grid cell, but a query may overlap more than one grid cell. Unless careful
aggregation is devised, over-counting may occur. We apply the Euler Histogram that
is introduced in [52, 73, 91] to address the problem of duplicate rectangle counting.
We extend the fine-grained grid G that maintains counts for the number of points (as
explained in Section 6.4.1). At each grid cell, say G[i, j] four additional counters are
maintained, namely,
• C1 : a counter for the number of queries that overlap G[i, j],
• C2 : a counter for the number of queries that overlap G[i, j], but not G[i, j − 1]
(not in left),
• C3 : a counter for the number of queries that overlap G[i, j], but not G[i − 1, j]
(not in top), and
• C4 : a counter for the number of queries that overlap G[i, j], but not G[i − 1, j]
or G[i, j − 1] (neither in left nor in top).
Figure 6.5 gives an illustration of the values of the four counters that correspond to
two range queries.
We maintain prefix-sums as in [74] for the values of C1 through C4 in a way
similar to the one discussed in Section 6.4.1. For C2 , we maintain horizontal prefixsums at each row. For C3 , we maintain vertical prefix-sums at each column. For
C4 , we horizontally and then vertically aggregate the values in the same manner as

Number of regions Overlapping with p
Inserting a region

(C1, C2, C3, C4)
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1, 1, 1, 1 1, 0, 1, 0 1, 0, 1, 0 1, 0, 1, 0

1, 1, 0, 0 1, 0, 0, 0 1, 0, 0, 0 1, 0, 0, 0

In cell
1, 1, 0, 0 1, 0, 0, 0 2, 1, 1, 1 2, 0, 1, 0 1, 0, 1, 0 1, 0, 1, 0

Not in Left
Not in Top

1, 1, 0, 0 1, 0, 0, 0 2, 1, 0, 0 2, 0, 0, 0 1, 0, 0, 0 1, 0, 0, 0

Neither in Left nor Top

1, 1, 0, 0 1, 0, 0, 0 1, 0, 0, 0 1, 0, 0, 0

1, 1, 0, 0 1, 0, 0, 0 1, 0, 0, 0 1, 0, 0, 0

Fig. 6.5. The four counters maintained for each grid cell.
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we aggregate the number of points (see Figure 6.3). As queries are invoked, the
aggregate values of the counters are updated according to the overlap between the
invoked queries and the cells of the grid. Observe that the process of updating the
prefix-sums is repeated per query. [88] introduces some techniques for minimizing
the update overhead required to maintain the prefix-sums. However, because the
fine-grained grid that maintains the counts resides in main-memory it is is cheap to
update even if the techniques in [88] are not applied.
A partition, say p, can be divided into four regions R1 through R4 as illustrated
in Figure 6.6. To determine the number of queries that overlap a certain partition,
say p, we perform the following four operations.
• We determine the value of C1 in Region R1 , which is the top-left grid cell that
overlaps p.
• We determine the aggregate value of C2 in Region R2 , which is the top border
of p except for the top-left cell.
• We determine the aggregate value of C3 in Region R3 , which is the left border
of p except for the top-left cell.
• We determine the aggregate value of C4 for Region R4 , which is every grid cell
that overlaps p except for the left and top borders.

Finding the Number of Regions Overlapping
with p
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Number of all overlapping
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+ Sum of not in left queries
(C2) in top row

R1

R2
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+ Sum of not in top queries
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+ Sum of neither in left nor
in top queries (C4) for the
remaining

Fig. 6.6. Determining the number of queries that overlap a partition in O(1).
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Because prefix-sums are maintained for Counters C1 through C4 , each of the above
aggregate values can be obtained in constant time as in [74]. The sum of the above
values represents the number of queries that overlap p. Thus, we can determine the
number of queries that overlap a partition in an O(1) computation. This results in
eﬃcient computation of the cost function and significantly improves the process of
finding the best split of a partition. Given a partition, to find the best split that
evenly distributes the cost between the two splits, we apply a binary search in a way
that is similar to the process we discuss in Section 6.4.1. The main diﬀerence is that
the number of queries is considered in the cost function.

6.4.2.4

Accounting for Workload Changes

AQWA is resistant to abrupt or temporary changes to the query workload. Inequality 6.4 ensures that AQWA does not aggressively split partitions that do not
receive queries or that receive queries with low frequency. A partition is inserted in
the split-queue only if it is worth splitting, i.e., the gain corresponding to the split is
greater than the overhead of the split operation. However, when the query workload
permanently changes (e.g., moves to a new hotspot area), the number of queries re-
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ceived in the new workload would satisfy Inequality 6.4, and the desired splits can be
granted.

Time-Fading Weights
AQWA keeps the history of all the queries that have been processed. For every
processed query, say q, the grid cells overlapping q are determined, and the corresponding four counters are incremented for each cell (see Section 6.4.2.3). Although
this mechanism captures the frequency of the queries, it does not diﬀerentiate between
fresh queries (i.e., those that belong to the current query-workload) and relatively old
queries; all queries have the same weight. This can lead to poor performance in
AQWA especially when a query workload changes. To illustrate, consider a scenario
where a certain area, say Aold , has received queries with high frequency in the past,
but the workload has permanently shifted to another area, say Anew . If a new batch of
data is received, it may trigger a set of split operations at Aold . However, these splits
are redundant, i.e., would not lead to any performance gains because the workload
has permanently shifted.
To address this issue, we need a way to “forget” older queries, or equivalently
alleviate their weight in the cost function. To achieve that, we diﬀerentiate between
queries received in the last T time units that we refer to as current queries, and
queries received before T time units that we refer to as old queries. T is a system
parameter that we refer to as the time-fading cycle. In Section 6.7.2.2, we study the
eﬀect of varying T .
For each of the four counters (refer to c1 through c4 in Section 6.4.2.3) maintained
at each cell in the grid, we maintain separate counts for the old queries and the current
queries. The count corresponding to old queries, say Cold , gets decaying weight by
being divided by c every T time units, where c > 1. The count corresponding to
current queries, say Cnew , has no decaying weight. Every T time units, Cnew is
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added to Cold , and then Cnew is set to zero. At any time, the number of queries in a
region is determined as (Cnew + Cold ).
Observe that every T time units, the sum (Cnew + Cold ) changes, and this can
change the weights of the partitions to be split. This requires revisiting each partition
to determine its new weight and its new order in the split-queue. A straightforward
approach is to update the values corresponding to all the partitions and reconstruct
the split-queue every T time units. However, this approach can be costly because
it requires massive operations to rebuild the split-queue. To solve this problem, we
apply a lazy-update mechanism, where we process the partitions in a round-robin
cycle that takes T time units to pass over all the partitions. In other words, if Np
is the number of partitions, we process only
of the

Np
T

Np
T

partitions every time unit. For each

partitions, we recalculate the cost and reinsert these partitions into the

split-queue. Eventually, after T time units, all the entries in the split-queue are
updated.

6.5

Query Processing
AQWA can process spatial range and kNN queries. A range query is relatively

easy to process because the boundaries in which the answer of the query resides
are predefined (and fixed within the query itself). Hence, given a range query, only
the partitions that overlap the query can be passed as input to the MapReduce
job corresponding to the query without worrying about losing the correctness of the
answer of the query. In contrast, for a kNN query, the boundaries that contain the
answer of the query are unknown until the query is executed. Hence the partitions that
are needed as input to the MapReduce job corresponding to the query are unknown.
In particular, the spatial region that contains the answer of a kNN query depends on
the value of k, the location of the query focal point, and the distribution of the data
(see [28]). To illustrate, consider the example in Figure 6.7. Partition p in which
q1 resides is suﬃcient to find q1 ’s k1 -closest closest. However, for k2 > k1 , Partition
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p is not suﬃcient, and two further blocks (one above and one below) have to be
considered. Similarly, Partition p is not suﬃcient to find the k-closest neighbors of

AQWA
- Support
for kNN
Queries
q2 because
of the location
of q2 w.r.t.
Partition
p (i.e., being near the border of the
partition).

q2
q1

k1
k2

p
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Fig. 6.7. The partitions that contain the k-nearest-neighbors of a query point vary
according to the value of k, the location of the query focal point, and the distribution
of the data.

[16] tries to solve the above challenge by following a three-step approach, where
the execution of the query starts with a MapReduce job that takes as input the
partition, say p, in which the query’s focal point, say q, resides. In the second step,
which is a correctness-check step, the distance, say r, between q and the k th neighbor is
determined, and a check is performed to make sure that the boundaries of p are within
r distance from q, i.e., Partition p is suﬃcient to guarantee the correctness of the
answer. If it is not the case that Partition p is suﬃcient, the third step is performed,
where another MapReduce job is executed with the partitions surrounding p being
added as input. The second and third steps are repeated until the correctness-check
is satisfied.
A major drawback of the above solution is that it may require successive MapReduce jobs in order to answer a single query. To solve this problem, we present a more
eﬃcient approach that requires only one MapReduce job to answer a kNN query. In
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particular, we leverage the fine-grained virtual grid that contains statistics about the
data distribution. Given a kNN query, we determine the grid cells that are guaranteed to contain the answer of the query using the MINDIST and MAXDIST metrics
as in [35]. In particular, we scan the grid cells in increasing order of their MINDIST
from the query focal point, and count the number of points in the encountered cells.
Once the accumulative count reaches the value k, we mark the largest MAXDIST, say
M , between the query focal point and any encountered cell. We continue scanning
the MINDIST of a scanned grid cell is greater than M .
AQWA until
- Support
for kNN Queries

To illustrate, consider

the example in Figure 6.8. Given Query q, the count of the number of points in the
cell that contains q is determined. Assuming that this count is > k, the MAXDIST
between q and the cell in which it is contained is determined. Cells that are within
this MAXDIST are guaranteed to enclose the k-nearest-neighbors of q.

MINDIST
Scan &
Counting

MA

XD

IST

q

Fig. 6.8. Finding the grid cells (with fine granularity) that are guaranteed to enclose
the answer of a kNN query. The rectangular region that bounds these cells transforms
a kNN query into a range query.
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After we determine the grid cells that contain the query answer, we determine
a rectangular region that bounds these cells. Thus, we have transformed the kNN
query into a range query, and hence our algorithms and techniques for counting and
searching for the best splits can still handle kNN queries in the same way range
queries are handled.
After the rectangular region that bounds the answer is determined, the partitions
that overlap that region are passed as input to the MapReduce job corresponding to
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AQWA - Support for kNN Queries

the query. Refer to Figure 6.9 for illustration. Partitions p1 , p2 , and p3 are passed as

It’s not
a map-only
the input for Query
q2 , while
Partition job
p1 is passed as the input for Query q1 .
Can we ignore communication cost?

p2
q2

p3
q1

p1

9 / 79

Fig. 6.9. A kNN query is treated as a range query once the rectangular bounds
enclosing the answer are determined.

Observe that the process of determining the region that encloses the k-nearestneighbors of a query point is eﬃcient. The reason is that the whole process is based
on counting of main-memory aggregates without any need to scan any data points.
Moreover, because the granularity of the grid is fine, the determined region is compact,
and hence few partitions will be scanned during the execution of the kNN query.

6.6

System Integrity

6.6.1

Concurrency Control

As queries are received by AQWA, some partitions may need to be split. It is
possible that while a partition is being split, a new query may also trigger another
split to the very same partitions being altered. Unless an appropriate concurrency
control protocol is used, inconsistent partitioning will occur.
To address the above issue, we use a simple locking mechanism to coordinate the
incremental updates of the partitions. In particular, whenever a query, say q, triggers

131
a split, before the partitions are updated, q tries to acquire a lock on each of the
partitions to be altered. If q succeeds to acquire all the locks, i.e., no other query
has a conflicting lock, then q is allowed to alter the partitions. The locks are released
after the partitions are completely altered. If q cannot acquire the locks due to a
concurrent query that already has one or more locks on the partitions being altered,
then the decision to alter the partitions is cancelled. Observe that canceling such
decision may negatively aﬀect the quality of the partitioning, but only temporarily
because for a given query workload, queries similar to q will keep arriving afterwards
and the repartitioning will eventually take place.
A similar concurrency issue arises when updating the split-queue. Because the
split-queue resides in main-memory, updating the entries of queue is relatively fast
(requires a few milliseconds). Hence, to avoid the case where two queries result in
conflicting queue updates, we serialize the process of updating the split-queue using
a critical section.

6.6.2

Fault Tolerance

In case of system failures, the information in the main-memory structures might
get lost which can aﬀect the correctness of the query evaluation and the accuracy of
the cost computations corresponding to Equation 6.1.
The main-memory grid contains two types of counts: 1) counts for the number
of points, and 2) counts for the number of queries. When a new batch of data
is received by AQWA, the counts of the number of points in the new batch are
determined through a MapReduce job that automatically writes these counts into
HDFS. Observe that the data points in the new batch are appended through the
same MapReduce job. At this moment, the counts (of the number of points) in the
grid are incremented and flushed into disk. Hence, the counts of the number of points
are always accurate even if failures occur. Thus, the kNN queries are always answered
correctly.
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As mentioned in Section 6.3.2, the counts corresponding to the queries (i.e., rectangles) are periodically flushed to disk. Observe that: 1) the correctness of query
evaluation does not depend on these counts, and 2) only the accuracy of the computation of the cost function is aﬀected by these counts, which, in the worst case, leads
to a delayed decision of repartitioning. In the event of failure before the counts are
flushed into disk and if the query workload is consistently received at a certain spatial
region, the counts of queries will be incremented and repartitioning will eventually
occur.

6.7

Experiments
In this section, we evaluate the performance of AQWA. We realized a cluster-based

testbed in which we implemented AQWA as well as static grid-based partitioning
and static k-d tree partitioning (as in [16, 72]).2 We choose the k-d and grid-based
partitioning as our baselines because this allows us to contrast AQWA against two
diﬀerent extreme partitioning schemes: 1) pure spatial decomposition, i.e., when using
a uniform grid, and 2) data decomposition, i.e., when using a k-d tree.
Experiments are conducted on a 7-node cluster running Hadoop 2.2 over Red
Hat Enterprise Linux 6. Each node in the cluster is a Dell r720xd server that has
16 Intel E5-2650v2 cores, 64 GB of memory, 48 B of local storage, and a 40 Gigabit
Ethernet interconnect. The number of cores in each node enables high parallelism
across the whole cluster, i.e., we could easily run a MapReduce job with 7 × 16 = 112
Map/Reduce tasks.
We use a real spatial dataset from Twitter. The tweets were gathered over a period
of nearly 20 months (from January 2013 to July 2014). Only the tweets that have
spatial coordinates inside the United States were considered. The number of tweets
in the dataset is 1.5 Billion tweets comprising about 250 GB. The format of each
tweet is: tweet identifier, timestamp, longitude-latitude coordinates, and text. To
2

Our implementation is publicly available on GitHub [92].
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better show the scalability of AQWA, we have further replicated this data 10 times,
reaching a scale of about 2.5 Terabytes.
We virtually split the space according to a 1000 × 1000 grid that represents 1000
normalized unit-distance measures in each of the horizontal and vertical dimensions.
Because we are dealing with tweets in the United States, that has an area of 10 Million
square kilometers, each grid cell in the grid covers nearly 10 square kilometers, which
is a fairly good splitting of the space given the large scale of the data. In addition to
maintaining the count statistics, the grid defines the search space for the partitions,
i.e., the boundaries of the partitions are the same as the boundaries of the cells in
the grid.
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Fig. 6.10. Performance of the initialization process.

In this experiment, we study the performance of the initialization process of
AQWA (Section 6.4.1). Figure 6.10 gives the execution time of the initialization process for diﬀerent sizes of the data. Observe that the initialization process of AQWA
is the same as that of a k-d tree partitioning. Hence, in the figure, we compare the
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performance of AQWA’s initialization process against the partitioning process of a
uniform grid. For the grid-partitioning, we set the number of partitions to the number
of partitions resulting from the k-d tree. Recall that in the initialization process of
AQWA, we apply recursive k-d partitioning, and we stop when splitting a partition
would result in small partitions, i.e., of size less than the block size in HDFS.
We observe that grid-partitioning requires relatively high execution time. Each
reduce task handles the data of one partition. Due to the skewness of the data
distribution, the load across the reduce tasks will be unbalanced, causing certain grid
cells, i.e., partitions, to receive more data points than others. Because a MapReduce
job does not terminate until the last reduce task completes, the unbalanced load leads
to a relatively high execution time compared to the k-d tree. In contrast, the k-d
tree partitioning, which is employed by AQWA, balances the data sizes across all the
partitions.
We also observe that as the data size increases, the time required to perform the
partitioning increases. As Figure 6.10(b) demonstrates, building the partitions from
scratch for the whole data takes nearly five hours for only two Terabytes of data.
Although this is a natural result, it motivates AQWA’s incremental methodology in
repartitioning, which is to avoid repartitioning the whole data throughout the system
lifetime. In particular, after the initialization process, AQWA never reconstructs the
partitions again if new batches of data are received. In contrast, AQWA alters a minimal number of partitions according to the query workload and the data distribution.

6.7.2

Adaptivity in AQWA

In the following experiments, we study the query performance in AQWA. Our
performance measures are: 1) the system throughput, which indicates the number of
queries that can be answered per unit time, and 2) the split overhead, which indicates
the time required to perform the split operations. To ensure full system utilization,
we issue batches of queries that are submitted to the system at once. The number of
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queries per batch is 20. The throughput is calculated by dividing 20 over the elapsed
time to process the queries in a batch.
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Figure 6.15 gives the performance for the serial execution of five hotspots, where

each hotspot gets 1000 range queries of region 0.01% of the area of the United States.
Observe that due to the skewness in the data, some hotspots may incur higher split
overhead than others (Figure 6.15(b)). Similarly, the query throughput is not the
same at all hotspots. However, for all hotspots, AQWA is superior to the static grid
and k-d partitioning (Figure 6.15(a)).
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dant overhead. In all cases, however, AQWA achieves superiority in terms of query
throughput (Figure 6.16(a)) over both the static grid and k-d partitioning.
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Figure 6.17 gives the performance for the interleaved mode of execution of 10diﬀerent
numbers of simultaneous hotspots, where each hotspot receives 1000 range queries of
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6.8

Concluding Remarks
In this chapter, we presented AQWA, an adaptive and query-workload-aware par-

titioning mechanism for large-scale spatial data. We addressed several performance
and system challenges; these include the limitations of Hadoop (i.e., the NameNode
bottleneck), the overhead of rebuilding the partitions in HDFS, the dynamic nature of
the data where new batches are created every day, and the issue of workload-awareness
where not only the query workload is skewed, but also it can change. We showed that
AQWA successfully addresses these challenges and provides an eﬃcient spatial-query
processing framework. Using our implementation of AQWA on a Hadoop cluster,
real spatial data from Twitter, and various workloads of range and kNN queries,
we demonstrated that AQWA outperforms the state-of-the-art system by an order
of magnitude in terms of query performance. Furthermore, we demonstrated that
AQWA incurs little overhead (during the process of repartitioning the data) that is
negligible when compared to the overhead of recreating the partitions.
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7. CONCLUSIONS
In this dissertation, we have addressed two key issues that have been overlooked by
existing spatial-query processing platforms, specifically, the multiplicity of predicates
in spatial queries, and the dynamic nature of big spatial data.
We presented a comprehensive study of the correctness and performance challenges
that spatial queries with multiple kNN predicates raise. In particular, we have presented eﬃcient algorithms for processing queries with multiple kNN predicates while
preserving their correctness. We experimentally demonstrated that these algorithms
achieve query performance gains of orders of magnitude.
The algorithms presented in this dissertation for processing queries with multiple
kNN predicates are designed for snapshot queries. Applying further optimization
techniques that can support incremental evaluation of continuous queries with two
(or more) kNN predicates is a potential future work.
We identified the various semantics that spatial queries with kNN and relational
predicates embed. For each possible semantics, we presented various optimization
heuristics and query evaluation alternatives that can enhance the query performance
while maintaining the correct semantics. Furthermore, we presented eﬃcient and
accurate cost estimation techniques that model the cost of the kNN predicates. We
experimentally demonstrated that the optimization heuristics coupled with the cost
model can achieve query performance gains of orders of magnitude.
In the algorithms, optimizations, and cost estimation techniques we presented for
processing queries with (multiple) kNN predicates with (or without) relational predicates, we assumed that the Euclidean distance is the distance metric used to compute
the ranking of the spatial points in the processing of kNN predicates. Extending these
algorithms and techniques for other distance metrics, e.g., the road-network distance,
is a potential future work.
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We presented AQWA, an adaptive and workload-aware partitioning mechanism
for large-scale spatial data. Unlike the state-of-the-art systems that employ static
partitioning, AQWA incrementally updates the data-partitions according to changes
in the data distribution and the query workload. We experimentally demonstrated
that AQWA outperforms the standard spatial partitioning mechanisms by an order
of magnitude in terms of query performance.
Our implementation of AQWA is based on a Hadoop cluster. A potential future
work is to apply AQWA to other distributed platforms. An example is Storm [93],
a distributed platform for processing streaming data. In Storm, distributed processing is achieved using topologies of bolts (i.e., processing units), where the bolts are
connected according to a user-defined structure (not necessarily MapReduce). One of
the limitations of Storm is that the number of bolts is fixed throughout the lifetime of
a topology. Hence, in addition to the split operations, AQWA has to support merge
operations in order to abide by that system limitation and keep a constant number
of data partitions (i.e., bolts).
In our design of AQWA, we focused on spatial range and kNN queries, which cover
a large spectrum of (useful) spatial queries. Extending AQWA to spatial-join queries
is another potential future work. In particular, this demands extending AQWA’s cost
model to account for the overhead of communicating the data between the processing
units (e.g., mappers and reducers) in order to compute a spatial join.
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[36] Y. N. Silva, A. M. Aly, W. G. Aref, and P.-Å. Larson, “SimDB: A similarityaware database system,” in SIGMOD, 2010, pp. 1243–1246.
[37] Y. N. Silva, W. G. Aref, and M. H. Ali, “Similarity group-by,” in ICDE, 2009,
pp. 904–915.
[38] ——, “The similarity join database operator,” in ICDE, 2010, pp. 892–903.
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[78] M. Y. Eltabakh, F. Özcan, Y. Sismanis, P. J. Haas, H. Pirahesh, and J. Vondrák,
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